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INTRODUCTION 
In recent years commercial poultry breeders have been 
spurred on by the competitive atmosphere of random sample tests 
to make full use of new information concerning the science of 
genetics and breeding for poultry improvement. The success 
of hybrid corn has influenced some breeders to adopt this 
method utilizing heterosis in commercial chickens. Other 
breeders have been initially successful in their use of heter­
osis by crossing divergent strains and breeds and by follow­
ing the techniques by reciprocal recurrent selection for com­
bining ability. 
It is noteworthy that practically all current commercial 
breeding utilizes some form of heterosis. "Pure strains" as 
such on a commercial basis are essentially non-existent. 
While a number of methods of utilizing heterosis have been 
initially successful, this stems more from empirical results 
than from any real knowledge of type and amount of different 
kinds of gene action. 
Of real interest to the poultry breeder is the nature of 
hereditary variation and covariation for productive traits in 
both pure strains and strain crosses. What are the relative 
amounts of additive and non-additive genetic variance? Do 
long established "closed" flock pure strains still contain 
sufficient additive genetic variance to select effectively 
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within these flocks? Has closed flock breeding reached a 
ceiling in the improvement of egg production? Can the geneti­
cist be sure that estimates of additive genetic variance are 
valid for several types of environments? How important are 
genotype-environment interactions and are they of the same 
magnitude in pure strains and strain crosses? Is pleiotrophy 
of importance in a breeding program concerned with improvement 
of many traits? Is sex-linkage responsible for a substantial 
part of genetic variance in performance? 
From the answers to these and others important questions 
will come enlightened decisions concerningbreeding operations. 
If additive genetic variance still forms a large part of hered­
itary variance, then breeding programs might more profitably 
concentrate on selection within pure strains. If non-additive 
genetic variance is predominant then breeders might best select 
for combining ability from the records of strain cross progeny. 
The importance of genotype-environment interactions could 
have an important bearing on the most effective breeding meth­
od. An apparent ceiling in the improvement of egg production 
could be explained on the basis of genotype-environment inter­
actions. Also, if interactions were greater in pure strains 
and strain crosses, this would be another reason for selecting 
on cross performance. Comparisons among strain cross progeny 
would be less apt, due to genetic buffering, to reflect the 
particular environment in which the flock were tested. 
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The question of pleiotropic effects of genes leading to 
possible antagonistic genetic correlations is of vital con­
cern since breeding practice is necessarily directed toward 
multiple objectives. Recent studies have shown that egg size 
and number are negatively correlated in pure strains. If such 
correlations result primarily from the additive portion of 
genetic covariation, this might be circumvented by utilizing 
some of the non-additive gene action obtainable by selecting 
for cross performance. 
Knowing the amount of sex-linked variance in different 
traits will suggest whether selection should be more effec­
tively concentrated in one or both sexes. The sires contribute 
all of the sex-linked effects to the female strain cross prog­
eny. On the other A&nd the dam contributes maternal effects 
which, if substantial, would influence decisions regarding the 
individuals to be used for the female parents. 
The objectives of this study were: (a) to compare the 
nature of genetic variation and covariation, both additive and 
non-additive, in the pure strains and strain crosses of leg­
horns, (b) to obtain estimates of heritability and genetic 
correlations in the two breeding types, and (c) to investigate 
the possible importance of certain genotype-environment inter­
actions, sex-linked effects and maternal effects as they in­
fluence performance of egg laying pure strains and crosses. 
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REVIEW OF LITERATURE 
Most of the published research on the relative merits 
of crosses and pure strains has been concerned with "first 
degree" statistics or population means* 
Warren (1930) first noted that crosses of unrelated 
strains of White Leghorns were in some respects superior to 
the pure strains. He (1941) found in crosses between differ­
ent strains of Leghorns a heterotic effect consistent only in 
egg production. Maw (1942) made the observation that crosses 
of unrelated inbred lines were superior to related crosses for 
viability and egg production. Dickerson et al. (1950) showed 
that outcrossing within a breed consistently Improved viability 
and egg production. 
Hutt and Cole (1942) reported on heterosis in strain 
crosses. They found that the nine families studied were re­
markably consistent in all manifestations of heterosis. The 
hybrid progeny in comparison to their purebred, half sisters 
showed advantages of five days in maturity, 25 eggs in annual 
production, 2.3 grams in egg weight, and they were 120 grams 
heavier in body weight at sexual maturity. 
Nordskog and Ghostley (1954) compared the performance of 
pure strains, strain crosses and crossbreds. They found the 
strain crosses were superior to the pure strains while the 
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crossbreds averaged better than the strain crosses for the 
several traits studied. In total eggs produced the results 
favored strain crosses 10 percent over pure strains based on 
three years * data. Adult body weight was about 0.3 pounds 
heavier, but egg weight was about the same in the strain 
crosses as in the pure strains. 
Dickerson and Lamoreux (1953), using nine strains mated 
in all combinations, found that the strain crosses were 13 
percent earlier in age at maturity, 27 percent greater in 
hen-day production and laid larger eggs. Superiority of the 
strain crosses to a non-inbred control strain was indicated 
by 10 percent greater viability, five percent earlier matur­
ity and eight percent more total eggs. 
The first attempts to study the genetics of egg produc­
tion were patterned after the classical approach to Mendelian 
inheritance. Pearl (1912) first divided egg production into 
what he considered components and assigned genes to them to 
explain the empirical behavior of egg production. Goodale 
and Sanborn (1922) also divided the annual egg production 
record into five components : 1. age at first egg; 2. rate 
of lay; 3. broodinessj 4. persistence, and 5» winter pause. 
Dempster and Lerner (1947) and Lerner and CrMen (1948) 
concluded that more rapid improvement in egg production should 
result from the use of pullet breeders than yearling hens. 
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This conclusion was based on the idea that while less genetic 
gain per generation would be expected from selections using 
partial records compared with selections based on complete 
annual records, the generation interval would be halved. 
Oliver et al. (1957) studied the heritabilities and gen­
etic correlations of five measures of egg production. The 
heritabilities were all close to 15 percent. The genetic cor­
relations between number of eggs to January 1 and percent 
production from first egg to January 1, the latter expressed 
as an arc sine transformation, was .50 suggesting that the 
two traits were quite different genetically. The arc sine 
measure was genetically correlated to three long term meas­
ures of production by over .70 indicating that early produc­
tion rate is a good measure of egg production. 
Heritability estimates within strains have been extensive 
in the literature. In general, the estimates from intra-
class correlations between full-sib and half-sib groups have 
been higher than those obtained by regression of daughter on 
dam. This may be due to the various non-genetic effects 
which may be included in the former but do not occur in the 
latter. 
Reported heritability estimates for survivors * annual 
egg production have ranged from .06 (Lerner, 1950) to .34 
(Shoffner, 1946). The average of the estimates is probably 
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somewhere between .20 and ,30. Part-year heritabilities of 
survivors1 egg production have to be estimated somewhat high­
er. Estimates to June 1 by King and Henderson (1954) were 
.39 (full-sib) and .21 (regression). 
Estimates of heritability of age at first egg appearing 
in the literature might be classed as moderately high. They 
are neither as low as those for mortality nor as high as those 
for egg weight. Those reported vary from .22 to .45 (Shoff-
ner and Sloan, 1948) and average around .27 (King and Hen­
derson, 1954). 
King and Henderson (1954) estimated heritability of 
March egg weight to be .48 (full-sib) and .60 (regression). 
The general average seems to be around .55. 
Heritability estimates of early egg weight reported by 
Lerner and Cruden (1951) ranged from .36 to .73- Kiss and 
Henderson (1954) reported a somewhat lower estimate of .34 
for this trait which they interpreted to be due to manage­
ment procedures and hatch effects. 
Heritability of body weight at housing has been reported 
by Krueger et al. (1952) to be .32 and .43. Hazel and Lamor-
eux (1947) reported a value of .32 for 22-week weight. Mature 
body weight was estimated by Shoffner and Sloan (1948) to be 
.75. Jerome et al. (1956) reported estimates of fall body 
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weight by intraclass correlation methods. From the sires com­
ponent the estimate was «73, considerably larger than that 
from the dams? component, .27. The possibility that herita­
bility estimated from the siresT variance component contains 
sex-linked effects was suggested by Osborne (1934) who studied 
egg weight and body weight. That sex-linked effects may con­
tribute substantially to the same traits was also suggested 
by Hogsett (1938). Recent studies by Newcomer (1957) on 
chromosome numbers in the fowl tend to substantiate these 
findings. He advanced the theory that hereditary differences 
are controlled mainly by only six chromosome pairs, including 
the sex chromosome present in the haploid state in the female. 
Other effects which may interfere with estimating addi­
tive genetic variance are dominance and epistasis. These may 
be estimated by analysis of variance from a sire-dam interac­
tion (Lerner, 1945). 
Johann Schmidt (1919) noted early that a better evalua­
tion of an individual for a quantitative trait may be made 
-from progeny of two or more matings. He used the term, "Di-
allel crossings" for mating plans in which each sire is mated 
to several dams which, in turn, are each mated to more than one 
sire. First working with the quantitative character, vertebrae 
in the common trout, he later (1922) extended his diallel mat­
ing experiments to the domestic fowl. Knowledge of quantitative 
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inheritance was limited at that time, but his perceptive in­
terpretation of progeny mean values from two or more matings 
suggested that a truer evaluation of an individualsT generative 
value could be made by this means. 
Lerner (194-5) studied diailel matings in poultry. Al­
though he found no significant differences due to "nicking" 
(sire-dam interaction) for age at first egg, the component 
estimate due to interaction was close to one percent of the 
total variance. Their heritability estimate was .36. Further, 
in the light of later results of Cockerham (1954) and Kemp-
thorne (1954) that this sire-dam interaction contains one 
fourth of the dominance variance, the estimated ratio of dom­
inance to additive variance is 10 percent. 
Previous work by Seath and Lush (1940) using a different 
method suggested that nicking is of little importance in the 
inheritance of milk yield and butterfat percentage in cattle. 
The diailel cross was again used for investigations of 
both sexual maturity and body weight in Leghorns by Hazel 
and Lamoreux (1947), but they found no statistical signifi­
cance for the interaction mean squares. Their method of 
choosing the first five daughters of a sire shift may have 
biased the data somewhat if hatch effects were of any import­
ance. Also, some of the degrees of freedom for interaction 
were used twice in their analysis, but these minor criticisms 
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would not alter their conclusions. 
As Hazel and Lamoreux pointed out, nicking would be pri­
marily confined to within family variance and would not exert 
any important influence on family averages for sexual maturi­
ty and body weight at 22 weeks of age. Yet, their figures 
show that this source of variance accounted for 4,8 and 5.6 
percent of an individuals phenotypic variance in maturity 
and body weight. The corresponding heritabilities were esti­
mated to be 27 and 32 percent. With the assumption that 
nicking is primarily due to dominance, their figures yield 
a doKd r.ance/additive variance ratio of 18 percent for both 
trai'- • Their estimates suggested that sex-linked and mater­
nal effects were not present in sexual maturity, but it is 
possible that both were present equally in the sire and dam 
components. Also, about five percent of the phenotypic vari­
ance was estimated as due to maternal effects in body weight. 
Jerome et al. (1956) analyzed data from diailel matings 
of an egg production flock of Hew Hampshires. Records on 
female progeny involving 108 sires and 237 dams were obtained 
for a five year period. The traits studied and their herita­
bility estimates (sire, dam, average) included body weight 
(.73, .27, .50), egg weight (.62, .56, .59)$ age at first 
egg (.35, .23, .30), egg production first two months (.32, 
.15, .24), egg production first four months (.37, .21, .29), 
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and annual egg production (.13, .11, .12). The average esti­
mates agree substantially with those others have found. All 
of their estimates showed evidence of sez-linked effects, in­
dicated by higher sire heritabilities than dam's. Their av­
erage estimates for annual production (survivors') computed 
by variance components methods, was lower than others have 
reported. They suggested that this diailel analysis provided 
an estimate less biased upward by dominance and epistasis. 
Estimates of dominance variance were obtained by Jerome 
et al. ( 1956) from the sire-dam interaction component. They 
presented some evidence that this portion of the variance of 
egg production increases with length of period measured, the 
dominance/additive ratio of annual production obtained being 
3.6 to one. The ratio for body weight was also high. 
A negative genetic correlation was found to ezist be­
tween body weight (fall) and egg production. The same was 
true to a lesser extent between age at first egg and egg 
production. A positive genetic correlation was found be­
tween body weight and egg size. 
Few studies have been reported comparing genetic vari­
ances of pure strains and strain crosses. Since large num­
bers of strain crosses are produced today for commercial 
production, it is natural that pure strains and strain crosses 
should be compared with respect to genetic parameter estimates. 
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The earliest of such reports is given in the proceed­
ings of the Eighth Pacific Chicken and Turkey Breeders t 
Roundtable. Nordskog (1955) reported at this meeting on 
heritability estimates of percent production and mortality« 
Three pure strains were crossed in all possible combinations 
giving three pure strain and six strain cross populations. 
The heritability estimates reported are given in Table 1„ 
Table 1. Heritability estimates from strains and crosses3 
Mating From sire 
Trait type From sire and dam 
Percent egg Pure strains 15 15 
production Strain crosses 22 19 
Mortality Pure strains 13 16 
Strain crosses 19 16 
aFrom Nordskog, (1955) 
Two locations and many degrees of freedom were involved 
so that the higher estimates for the strain cross populations 
would seem to hold some meaning. Nordskog also estimated 
heritability of egg production from covariance of sire prog­
eny tested at two locations in comparison with estimates with­
in locations. The former was found to be .05 while the lat­
ter averaged .18. Aside from the possibility of common en­
vironment and sampling error explaining the difference, the 
estimates made within locations would contain genotype-en­
vironment interactions effects which would bias upwards esti-
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mates of heritability from relatives tested at the same lo= 
cation. 
Another analysis of pure strain and strain cross genetic 
parameters was reported by Dickerson (1957)* The estimates 
of heritability based on the sires' component for some of the 
traits reported is given in Table 2. 
Table 2. Heritability estimates (sire) in strains and crosses8 
Trait 
Pure 
strains 
Strain 
crosses 
S.E. 
Diff. 
Body weight 18 wks. .257 .287 +.057 
Egg weight 31-32 wks. .532 .486 +.076 
Age at 1st egg (in wks.) .174 .122 4.092 
% egg production (hen housed) 
to 40 weeks .119 .130 +.091 
60 « .091 . lu 7 + .047 
72 " .010 .213 + .253 
aFrom Dickerson, (1957) 
These estimates involve 12,771 pullets from 13 pure strains 
and 12 strain crosses. Since the hen housed egg production 
variable involves mortality, the progressively lower pure 
strain estimates may be a function of this cumulative mor­
tality. On the other hand, Dickerson suggested that the 
sire component may include some dominance variance in the 
strain crosses. If this were the case then these figures 
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support the suggestion of Jerome et al. (1956) that longer 
measures of egg production contain more dominance in their 
total hereditary variance. 
Dickerson (1957) also computed genetic correlations of 
strains and crosses. Of interest are some estimates (sire, 
dam) between body weight and age at first egg (+.29, -.20), 
body weight and 60 week production (-.11, +.26) and between 
egg weight and 60 week production (-.12, +.11). Apart from 
sampling error his estimates were similar to the results of 
Jerome et al. (1956) in that the genetic correlation from 
the sire component of covariance indicate that additive and 
sex-linked effects may not act in the same direction as the 
maternal and dominance effects in this case included in the 
dam component. 
That gene-environment interactions compose part of the 
total phenotypic variance in the domestic fowl is no longer 
disputed. However, the actual amounts need yet to be settled 
for the different traits. 
Genotype-environment interactions for sexual maturity 
have been reported by Osborne ( 1951) and by Skaller and Sheldon 
(1955). Hill and Nordskog ( 1956) found significant interactions 
with environment for hen-day production and hen-housed mor­
tality. Johnson and Asmundson (1957) reported significant in­
teractions between sire groups and hatching date for body weight 
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in turkeys. 
A study by Abplanalp (1956) included hatch, sire-hatch, 
and dam-hatch effects in an analysis of a pure Leghorn strain. 
Interactions of hatch with sire and dam were estimated to 
make up 5.2 to 5»1 percent of the total variance in sexual 
maturity, March egg weight, and winter and 72 week egg produc­
tion. None of the interactions were statistically significant. 
He concluded that these genotype-environment interactions con­
tribute little to the total variance. 
While this may be true of interactions within a contem­
porary generation it may not be true for year to year genera­
tions or from location to location (Nordskog, 1955), where 
differences in environments are of a larger scope. 
Research in corn breeding provides an indication of what 
could be the case in poultry also, for gene-environment inter­
actions. Matzinger (1956) analyzed yield in diailel crosses 
of corn and found; 
In the analysis combined over locations and years 
the estimate of additive variance was almost negligible 
and the estimate of dominance variance was relatively 
large. The estimate of the interaction component, 
additive x years was very large relative to other 
interaction components, a result of a shift in the 
effects of genes from 1952 to 1955. 
Finally, one should mention an analysis by Dickerson 
(1955) of a pure strain population of Leghorns selected pri-
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marily for egg production index which has bearing on both non-
additive genetic variance and gene-environment interactions. 
Response to selection compared to expected response due 
to intra-year selection differentials and heritabilities sug­
gested to Dickerson a "genetic slippage". Dickerson (1955) 
concluded that 
Such apparent refractory response to selection is 
attributed partly to inter-environmental slippage 
arising from adverse environmental trend or a suc­
cession of different environments, under which gen-
etic-environmental interaction allows genetic response 
to selection within an environment but makes this re­
sponse partially or completely irrelevant under subse­
quent environments. This leads to average superiority 
of heterozygotes in total performance or reproductive 
fitness over a series of environments, but to a lesser 
degree of dominance for net effects of genes within the 
narrower range of environments of a single generation. 
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MATERIAL AND METHODS 
Description of the Data and Traits Studied 
These data were obtained from a strain cross testing 
project carried on at the Babcock Poultry Farm, Inc., Ithaca, 
New York in 1954 and 1955. 
The project was designed to evaluate the performance of 
four pure strains and four strain crosses each having a com­
mon female parent strain. The arrangement of the matings 
yielded data especially useful to estimate sire-dam interac­
tions as well as other genetic parameters from pure strains 
and strain crosses. The pure strains originated from well 
known closed-flock breeders. Although some inbreeding existed 
in the lines, probably none were more than 15 percent inbred. 
Sires from four strains numbered 2, 3, 4 and 5 headed 23 
mating pens. Each pen contained 10 females from the same strain 
as the sire and 10 females from a different strain called num­
ber 1. 
Progeny were hatched weekly starting January 28, 1954 for 
a period of three weeks. The sires were replaced after the 
third hatch with a new set from the same strains. Following a 
two week interval between shifts of sires, a second group of 
three weekly hatches was obtained. The chickens were pedigree 
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wing-banded and placed in a steam radiant heat brooder house 
with hatches in adjacent pens separated by wire partitions. 
Standard management procedures were used. The chicks were given 
an ocular vaccination of live virus Newcastle at day-old, bron­
chitis inoculation at eight weeks and wing web live virus New­
castle vaccine at approximately 14 weeks of age. No disease 
complications occurred during the testing period. The feeding 
was as follows : growing mash, 16 'percent protein, to housing; 
scratch, one-third oats, corn and wheat changed to whole grain 
at nine weeks. In the laying house the birds were fed an 18 
percent breeder mash and grain, about 10 pounds per 100 pullets. 
Consistent with the weather and age, both male and female progeny 
were moved by hatches into portable range shelters on the grow­
ing range. 
As the pullets matured, they were moved to the trapnest 
house, given wing badges, and divided into pens of 350 birds 
each according to maturity. During July, August and September, 
the pullets were trapnested 20 days per month. Body weights 
in decagrams were recorded at the first trapnest egg. 
A few birds laid their first egg on range or before they 
were trapnested. From October to February the pullets were 
trapnested 10 days a month. In March and April the number of 
trap days was five. The early period of intense trapping pro­
vided a good measure of maturity and early rate, whereas the 
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five trap day month gave a fair measure of rate of production 
in March and April and an indication of a long winter pause if 
present. 
Six traits of economic importance were included in this 
study. Transformations were made of two of these. Four meas­
ured before December 1 were body weight at first egg in deca­
grams (W), age in days to first recorded egg (M), weight of a 
single egg in October to the nearest tenth of an ounce (E^), 
and percent production from first egg to December 1 (P^). 
Weight of one egg in tenths of ounces in March (Eg) was also 
taken. This weight is considered a measure of mature egg 
weight since differences in egg weight due to age of pullets 
are considered negligible at this time. Percent egg production 
was also measured from first egg to May 1 (P2). This trait in­
cludes P^ plus later records. 
For both measures of egg production the several months * 
records were accorded equal weightings in computing the trait 
regardless of the number of trap days in the months. 
Because P^ and Pg were measured as a percentage and be­
cause the percentages were rather high it was thought worthwhile 
to insure Independence of means and variance of these binomial 
distributions. They were transformed by the arc sine trans­
formation method (Snedecor, 1957), to T^ and Tg respectively. 
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Males from strains 2, 3 and 5 headed six mating pens; 
males from strain 4 headed the remaining five of the 23 pens. 
Two sets of 23 males were used for a total of 46. Pure strain 
progeny were obtained from 208 females and strain cross progeny 
were obtained from 215 females from strain number 1 mated to 
males of the other strains. 
Only birds surviving to May 1 were used in this analysis. 
Mortality for growing period was low, somewhat less than 15 per­
cent. This fact plus the good rate of lay indicates environ­
mental stress factors were at a minimum. 
Information on a few birds maturing later than 223 days 
was discarded. Due to management errors in recording body 
weights, some birds lacked this record and were excluded from 
the analysis. Also some birds with missing October egg weight 
were excluded. By inspection these birds were in no way dif­
ferent from normal birds. 
The remaining pure strain and strain cross populations 
contained pullets all having seven measurements : W, E^, M, 
P]_, T]_, Pg and Tg. This set of records will henceforth be re­
ferred to as the Set 1 data. Set 1 records were obtained on 
3,238 pullets, consisting of 1,409 pure strain pullets and 
1,829 strain cross pullets. 
The Set 1 data contained 201 pure strain and 124 strain 
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cross pullets with missing March egg weights (Eg). The main 
reason for the occurrence of missing egg weights was the lim­
ited number of trap days in March. Excluding these birds was 
considered Inadvisable since this might bias the distributions 
of the production traits. Accordingly, the parameter esti­
mates associated with Eg may be slightly biased. 
For these reasons, a somewhat different set of data, hence­
forth referred to as Set 2 data, contain only those individuals 
having measurements on all eight traits. The Set 2 data con­
tained 1,208 pure strain and 1,705 strain cross pullets. 
Variance and Covariance Components 
Henderson (1953) described three methods for estimating 
variance components in the non-orthogonal case. 
1. Compute the sums of squares as in the standard analysis 
of variance of corresponding orthogonal data. Equate these sums 
of squares to their expectations obtained under the assumption 
of Eisenhart's (1947) Model II and solve for the unknown vari­
ances. 
2. Obtain least square estimates of fixed effects. Ad­
just the data according to these, and then using the adjusted 
data in place of the original data, proceed as in 1). 
5. Compute mean squares by a conventional least squares 
analysis of non-orthogonal data (method of fitting constants, 
22 
weighted squares of means, e.g.). Equate these mean squares 
to their expectations and solve for the unknown variances. 
Of the three, Method 1 is the simplest, Method 2 is only 
slightly more involved, while Method 3 is the most laborious 
and in many cases unfeasible. Henderson (1953) commented up­
on the methods thus: 
Method 1, however, leads to biased estimates if cer­
tain elements of the model are fixed or if some of them 
are correlated. Estimates obtained by Method 2 are free 
of the first of these biases, but not of the second. 
Method 3 yields unbiased estimates, but the computa­
tions required may be prohibitive. The relative sizes 
of sampling variances by these three methods are not 
known. 
Abplanalp (1956) obtained variance components from non-
orthogonal poultry breeding data using both Methods 1 and 2 
that were essentially the same. Thus, it would seem that es­
timates of components will not differ greatly for either of 
the first two methods. 
The same general techniques used in Methods 1, 2 and 3 can 
be employed to estimate covariance components. The covariance, 
tt* is substituted for and <7~eet substituted forcr^. 
Any of the three methods for estimating variance may be used 
equally well for estimating covariance, with appropriate 
changes being made in the model. 
Models and Assumptions 
The statistical model for components of variance analysis 
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is adequately defined by Crump (1951)• The general features 
of the following example are common to any set of data arranged 
in a multiple classification and described by a linear model: 
where 
i — I, 2, . * * a, 
3 = 1 ,  2,  . . .  b ,  a n d  
k = 1, 2, ... n . 
The assumptions made about the elements are that//is a 
f i x e d  p a r a m e t e r  i n  r e p e a t e d  s a m p l e s .  A l s o  t h e  e l e m e n t s ,  
0 , ) ij, and € ^ ^ are random, samples of size a, b, ab, 
and abn, respectively, from populations Tfa , TQfi, and 7%, 
each with mean zero, respectively. 
Crump (1951) further stated that in the case of Eisen-
hart rs (194-7) Model II each of the four populations is contin­
uous with a normal probability distribution. The variances of 
these populations arecrj, <r,f, and<f£. This definition 
specifies independence of the elements, and homogeneous vari­
ances. 
The assumptions given here for the balanced or orthogonal 
model are similar to those required for nonorthogonal data in 
the case of unequal subclass numbers. 
The biological model for estimating genotypic covariances 
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between relatives (Kempthome, 1954) assumes that the gene loci 
are segregating independently, that is, there is no linkage. 
A further assumption specifies that the probability iz zero 
that the two genes possessed by an individual at any locus are 
identical by descent (Malecot, 1948), that is, no inbreeding 
is present. 
Fisher (1918) was first to work on the problem of cor­
relations between relatives. Cockerham (1952) used the terms 
additive x additive, additive x dominance, etc. in working 
out the case of two alleles per locus. Kempthorne (1954, 
1957) expanded the notation to deal with arbitrary numbers of 
loci, alleles, and epistacy. The final results for covariance 
of related individuals X and Y is: 
Cov(X.Y) = g| •yMsy o£ • SL (2rxy)r(/4r)soirDs 
r+s ? 2 
where : 
r%y = coefficient of parentage (Malecot, 1948), or the 
probability that a gene at a locus in an individual, X is idear 
tical by descent to a gene at the same locus in individual y; 
= probability that both genes at a locus in X are inden-
tical by descent to both genes at the same locus in Y. Various 
interactions between r additive effects, s dominance effects 
can occur, the summation above summing up to all values of r 
and s such that r+s equals n, the total number of loci which 
are segregating independently. 
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Under conditions of random mating in an equilibrium, pop­
ulation with no selection and no linkage 2r%y and are, 
respectively, in the case of full sibs l/2, 1/4; in the case 
of half sibs 1/4, 0. The covariances are the following : 
Gov (F.S.) = 1/2 <j| + 1/4 (^ + 1/4 (jfA + l/8 o|D 
+ 1/16 <JQD + l/lé (JAAA + etc. ; 
Gov (H.S.) = 1/4 o| + l/lé 0^A + 1/64 + etc. 
A dialie relating scheme outlined by Lerner (1950} and 
described in detail by Kempthorne (1957) is the following. 
There are ns sires (numbered i=l,..., ng); each sire is mated 
to random sample of dams. Each group of dams in a mating pen 
is mated in turn to a random sample of two sires during the 
mating season. There are n& dams (numbered 0=1, ..., n^). 
Each of the ng^ mating pairs produce progeny. The 
N..(i.e. progeny are measured in a certain attribute 
^ijk* analysis of variance of the form in Table 5 can be 
made. 
The expectations of the mean squares can be obtained by 
noting that if the observation can be represented by 
Tijk =/•• 3i * ai+ (sa'ij+ eijk 
in which 
E(s^) = E(dj) = E(sd^j) = = 0 
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where E is the expectation and the s, d, (sd), and e quantities 
are uncorrelated and 
E(S2) =Cr|, E(d^) =Cr^, ECsdfj) =CTgd, and E(e^) = <X * 
then 
B(7ijk -/«Xrijk. - / « )  =  <r* •  a - l *  < r 2 s i  <k t  k-) 
which is equal to the covariance of full sibs. Also, if j and 
i are in turn not equal to j1 and i', respectively, 
E(yijl£ -/") =crs and 
Etrijk -/'Xyvjk, - m )  =<Ta 
are the covariances of sire and dam half-sibs, respectively. 
Also E(yjj^ -y« )2 =CTg + CT"^ + CTgd + is the variance of 
the individual phenotypic values, (T p. Hence, 
(TQ = CTp - Cov(F.S.) 
(T^ = Cov(E.S. ) - Cov(H.S.g) - Cov(H.S.g) 
(Tg = Cov(H.S.g) 
a~\ - cov(H.s.a) 
For the present purpose the sire and dam half-sib covari-
ances can be considered equivalent. Thus 
Cria = Cov(F.S.) - 2 Cov(H.S.) 
cr 1 = cr| = Cov(H.S.) 
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Table 3* Dlallel mating scheme form of analysis of variance 
Source d.f. Expectation of mean squares 
Sires ng - 1 <r \ • K, a-\& * Kg <r| • K, <r\ 
Dams na - l a-2 t K4cr|d • e5<t^ + EgcrS 
ftaL °"s * K1 <fsa + K2 * E3° S 
Progeny ? 
w/S x B H. .-nsd <Tg 
Total N. .-1 
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Finally, the "K" values in Table 3 obtained from the ex­
pected values of the sums of squares are the following. 
K = a(H..-2jfiL ) 
3- Hi j n ^ N» * 
±9 • j 
K2 = atzEÎl - lZÉU, K, = a(H; -//ij, 
j i N, * N,. fTT 
-4»?, Xl?,. „ ^ K2 
where 
K4 = b(Zi - jj ij ) K = b(N..- j 'Jj 
j n
.j N.. N.. 
Ké = b(Zi^j ~ iNL) K = c( Z 3^"3' _ ) 
3 Nij N 1 Ni. N 
^2N|. ZN?3 ZN, 
En = o(à..i 13 - j 3), K =e(N..-jJl) 
1 Ni. H.. y N.. 
1 
a = (*sd - ns - nd + X) 
b = 
c = 
(nfl - 1) 
(ns - 1) 
From results shown earlier the following genetic inter­
pretations of the sire, dam interaction and total components 
can be made. 
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o-| = 1/4 o*| + 1/lé cr|A + l/é4 <^AAA + etc. 
= 1/4cr| + l/lé cr|A + l/64 <^|AA + etc. 
ffSd= 1/4 ^  ^ 1/8 + V8 * 1/16 01 Id • 
1/32 
""La + etc-
_ 2 p d 2 ? 
ffp = e +crs + 0a+ "sd 
« A-| * .^RO + CTHD *^ ÎAA * ETE-
= °"1 +crH 
where, Cg is the environmental variance, o\2 j_s the total addi­
tive plus non-additive hereditary variance, and where genotype-
environment interaction, o~|g is assumed zero. 
These arguments follow in the case of covariance components 
for sire, dam, interaction and total. The analysis of covari-
ance contains the same degrees of freedom and coefficients in 
the expected mean products, so that 
T. = 1/4 <rA + Vl6<r + V640- - etc. 
sxy zy 
= 1/4^.4^ , l/lé o-^ + 1/640-^ • etc. 
asaI3r = i/4<rDiy » VSCTAA^ • 1/8 (r^ • l/tfcrw 
* l/32CTAAA » etc. 
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=<Tezy 1<7"sxy + ^xy +a"sSiy 
=<rV + ^  + °"V Msy 
+^DD^y + CT AAAgy + etc. 
=<r$xy t0"V 
where x and y refer to the correlated traits. 
Estimating the Components 
The statistical methods and models used on this study for 
estimating variance components are analagous to those used for 
the covariance components, hence only the former will be describ­
ed in any detail. 
After adjusting for the linear portion of hatch effects 
(see Results), Model A for estimation of variance components is 
T =/< • v1 • h3 + (Th)lj + Slk • aip + (sa)lkp 
• (sh)ljj£ • (âh)ljp • eljkpq U) 
where 
M is the general mean; 
v^ the effect of itix line; 
hj the effect of the j**1 hatch; 
(vh) the interaction effect of the i**1 line with the 
hatch; 
siic *Iie effect of the sire of the itjl line; 
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d^y is the effect of the p**1 dam in the i*11 line; 
(sd)^p, the interaction of the p*11 dam and k*11 sire in 
the itiL line; 
(sh), .. , the interaction of the k^^ sire with hatch 
13K 
in the i*h line; 
(dh)ijkp, interaction of the p^^ dam with hatch 
within the k*11 sire and itJl line; and 
eijkpq' error associated with the q*11 individual in the 
i, j, k, and p^ subclass. 
The assumptions for estimating components of variance are that 
all the elements of the model, except are random, have zero 
expectations, and are normally and independently distributed 
with homogeneous variance. 
The form of the Model A analysis of variance is given in 
Table 4. The degrees of freedom and sums of squares are both 
designated by the right hand column terms. It will be clear 
from the context which is appropriate. When degrees of freedom 
are involved, the term shv, for example, signifies the total 
number of sire-hatch groups present in all the lines. 
The abbreviations used in the sums of squares context for 
the models analyzed are shown in Table 5» The components esti­
mated will henceforth be designated by the upper case Latin 
letters shown in this table. 
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Table 4. Model A analysis of variance 
Source of variation 
Among lines 
Among hatches 
Lines x hatches 
Among sires W/L 
Among dams w/L 
Sires x dams w/L 
Sires x hatches w/L 
Dams x hatches w/s,L 
Among individuals w/D,H,S,L 
Total 
Corrected S.S.a and d.f. 
v-(l) 
h-( 1) 
vh-v-h+(1) 
sv-v 
dv-v 
sdv-sv-dv+v 
shv-sv-hv+v 
dhsv-sdv-shv+sv 
idhsv-dhsr 
idhsv-(1) 
^Abbreviations given in Table 5 
The components of variance are more directly obtained in 
machine calculation (see Appendix) by using the expectations of 
the uncorrected sums of squares. The algebraic expressions and 
an example of computed values for the expectations are given as 
coefficient tables in the Appendix. These coefficients will be 
referred to as "coefficient matrix B". The computations in­
volved in obtaining the unequal subclass matrix E are compar­
able to those involved in obtaining the sums of squares and 
products themselves. 
The same model, assumptions, analysis of variance and coef-
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Table 5« Terms computed and abbreviations used in the tables 
Abbrev. S.S. on S.P. Computed S.S. To estimate 
(1) Correction term Y2 M 2 
N.... 
T Llne I Y l . . . .  c r l r - L  
Ni... 
h Hatch % Y^i ^.2 H 1 » J « * » u h 
N , 
• J • • 
vh Line z hatch %-,Y2 . cr2 -^LH ij ij... vh 
Ni j.. 2 
3T Sire w/L s^S 
"i.k. 
dv Dam w/L 2- T, . crtr—D 
In le ePe 
"C 
sdv Sire z dam w/L s4~SD 
Hi.kp 
shv Sire x hatch w/L Z Y2 (T jL^SH 
ijk ijk" sn 
Nijk. 
dhsv Dam z hatch w/S,L i3fp ^ p> cr \~m 
"ijkp 
idhsr Total individual ^ Y2jj£p4 <r ^  S 
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ficient matrix E may be used also to obtain the covariance 
components from a covariance analysis. 
From the linear relationship of coefficient matrix E to 
the uncorrected sums of squares and products (the right hand 
sides, x), the variance and covariance components are obtained. 
Thus, 
E . b = X 
E . b = E"1 . X 
I . b = E-l . X 
b = E~- . X 
where E is a non-singular square coefficient matrix of order 
— 3. 1 
n by n, E~ is the inverse of E such that E . E = I, (an 
identity matrix), b is an unknown component vector of order n 
by 1, and x is a known vector of sums of squares or sums of 
products of order n by 1. In the foregoing Model A, n = 10 and 
p p 2 
the rows of E, b, and x correspond to/<- , <r^;, cr^, 6ee etc. 
In practice the n by 1 vector x is augmented by vectors 
corresponding to the several sets of sums of squares and sums 
of products of the seven variables (for Set 1 data). According­
ly, the matrix X of order n by p is used instead of the n x 1 
vector x. This change, of course, applies also to the n by 1 
vector of unknown components, b, which becomes an n by p matrix 
B of variance and covariance components estimates, so that 
E . B = X 
B = E"1 . X 
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This method of obtaining estimates of the components from 
the uncorrected sums of squares has the advantage of being 
easily modified to exclude any components which seem to be 
negligible or have limited validity. The procedure is to strike 
out the rows and columns of the coefficient matrix E pertain­
ing to the components in question. Likewise, the corresponding 
rows of the other matrices, B and X, would be deleted. This 
amounts to removing such effects or interaction from the origin­
al model. 
Model B was hypothesized on the supposition that the inter­
action effects (vh), (sh), and (dh) were negligible. Model B is 
T • h3 • slk • dip • <sa)lkp • eijkp(l (B) 
A further reduction, eliminating all interaction effects, 
and called Model C, was made: 
T =/» • Ti + Hj + sik * dip * eijkpq (C) 
The forms of Models B and C are presented in Table 6. 
The abbreviations used in the degrees of freedom context are 
like those in Model A. In like manner to Model A the term 
involved in a sum of squares is found in Table 3* The value 
of the additional estimates of interaction components obtained 
using Model A may be offset by the large sampling errors ac­
companying these estimates# This may be especially true for 
those traits having large environmental variations such as egg 
production. 
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Table 6. Modified analyses of variance 
Source of variation Corrected S.S.a and d.f. 
Model B 
Among lines 
Among hatches 
Among sires w/L 
Among dams w/L 
Sires z dams w/L 
Among individuals w/S,D,H,L 
Total 
Model C 
Among lines 
Among hatches 
Among sires w/lines 
Among dams w/lines 
Among individuals w/S,D,H,L 
Total 
v={ 1) 
h-(l) 
« 
sv-v 
dv-v 
sdv-sv-dv+v 
isdvh~sdv~h+(1) 
isdvh-(l) 
v-(l) 
h-(l) 
sv-v 
dv-v 
isdvh-sv-dv-h+v+(1) 
isdvh-(l) 
a Abbreviations given in Table 5 
The use of Model B partially answers the criticism that 
sampling errors in the estimates LE, SH, and DH reduce the es­
timating value of the other components. Model C further sup­
poses that SD is negligible and not worth the greater sampling 
errors concomitant to its estimation. 
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Employing Model C destroys an important feature of the di-
allel mating scheme. One of the useful properties of this scheme 
is the opportunity to estimate sire-dam interaction, 3D. How­
ever, this cross classification Model C would still be preferred 
to the usual heirarchial model that confounds SD with the dams* 
component. 
Estimating Heritabilities and Correlations 
In this study, heritabilities were estimated three ways: 
1) from the sire, 2) from the dam, 3) from the sire and dam 
combined. These statistics are, respectively: 
4 =  f  • 
hd = T ' and 
h 2 _ 2(S+D) 
s+d P 
where 
P = phenotypic variance estimated within strains or 
crosses in the three models. 
If no epistacy exists each would be a consistent estimate 
cn2 
of which is the expression for "heritability in the 
(J p2 
narrow sense" as defined by Lush (1937)• If epistacy is près-
2 2 
ent, the numerator is biased by 1/4(7"^ + l/l6CTAAA + etc. 
Genetic correlations are similarly estimated from the 
sire, dam, and combined sire and dam. Thus, 
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sxy 
= 1 
S ^ Si . Sy 
rQ = sxy + Pgy 
US+d ^  (S^+Dg.) (Sy+Dy) 
where, for example, S^y is the estimate of the covariance com­
ponent due to sires on traits x and y. These genetic correla­
tion estimates, just as in the case of heritability estimates, 
cannot be considered strictly "narrow", if epistacy is present» 
The numerator is a consistent estimate of 
0-^ * l/4<rAAx7 • 1/6 <r AAxy * etc. 
If all of the hereditary variance in x and y were of the 
type <T then it follows that the genetic correlations would 
be correlations of epistatic effects (AA)Z with (AA)y. This 
is not likely the case but nevertheless the possibility exists 
that some bias may be present due to epistacy. 
2 
The above statistics, h and r&, are primarily additively 
genetic in nature. 
In addition the fraction of the phenotypic variance due 
to dominance and some epistacy was computed as, 
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Theoretically, the numerator of this parameter would be 
<7"d + 1/20-^ * 1/2 0- L * lA ^ Bd + V8 0-» etc. 
In addition to the foregoing hereditary parameters, phenotypic 
correlations were estimated. They are represented as 
P rp = rxy 
1 Px-P7 
The phenotypic variances and covariances used in computing 
the several statistics are estimated according to the analysis 
of variance and covariance model assumed. 
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RESULTS 
Means of the Traits 
The means of the various traits studied are given in Table 
7 for the pure strains and strain crosses. The strain crosses 
excelled in all traits except egg weight. Unfortunately, strain 
number 1, the dam side of the strain crosses, was not tested as 
a pure strain. This would have permitted a more complete 
evaluation of the superiority of strain crosses over the pure 
strains. General characteristics of number 1 as a pure strain 
will be used in any qualitative evaluations of superior strain 
cross performance. 
Age at maturity was earlier in the crosses compared with 
the pure strains, a fact no doubt due to heterosis because the 
dam line (strain number 1) of the crosses is characterized by 
slower maturity than at least the average of the sire lines. 
Since body weight was measured at first egg any increase in 
the strain crosses would be less noticeable because of their 
earlier maturity. 
Strain number 1 is characterized by a high rate of egg 
production and a smaller than average egg size. Egg weights 
of the crosses are slightly less than those of the pure strains, 
which is most likely a consquence of the smaller egg of the 
dam line. The higher rates of production, of the strain crosses, 
are probably the result of average genetic superiority of the 
dam strain and to heterotic effects. 
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Table 7* Pure strain and strain cross means 
Mat­
ing 
type 
No. 
pul­
let £ 
W Ei M pl Ti P2 T2 4 
5 Body 
wt. 
mat. 
d.gm. 
Egg 
wt. 
Oct. 
oz. 
Age 
at 
mat. 
da. 
Prod, 
to 
Dec.l 
i 
Arc 
sine 
of PL 
z? 
Prod, 
to 
May 1 
i % 
S
&
5
 
ro
 
Egg 
wt. 
Mar. 
oz. 
Pure strains 
22 368 201 1.98 179 83.2 67.1 74.9 60.8 2.17 
33 386 197 1.00 178 81.9 65.8 73.1 59.4 2.23 
44 375 178 1.94 182 81.1 65.5 76.2 61.5 2.22 
55 280 170 2.04 183 84.6 68.1 74.5 60.4 2.25 
Strain crosses 
21 510 193 1.95 175 86.3 69.7 80.9 64.8 2.15 
31 468 197 1.99 178 83.6 67.3 79.8 63.9 2.22 
41 428 186 1.96 178 85.1 68.8 80.3 64.5 2.24 
51 423 177 1.99 177 87.0 70.4 80.4 64.6 2.23 
aSet 2 data 
Evaluation of Hatch Effects 
In order to use Henderson's (1953) Method 1 for estimating 
components of variance, all the elements, except Z6 are assumed 
to be random effects (Model II, Eisenhart, 1947). The immedi­
ate question is whether these data satisfy that requirement. 
In particular, the question is whether hatch effects are real 
and if so, are they random. 
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The means for hatches are given in Table 8. All traits 
except Zg were examined for hatch effects and line-hatch inter­
action by analysis of line-hatch means. It appears safe to as­
sume that the hatch effect on mature egg weight in March is es­
sentially negligible in agreement with other investigators. 
The statistical model for an observation, T, is 
T = + bi + + (bT)15 » hlk * (Vh)ljk * eljkl 
where, 
/*- = general mean 
b^ = effect due to sire shift 
Vj = effect due to line (strains or crosses in the 
separate cases) 
(bv>ij = effect due to shift x line interaction 
hik è effect due to hatch within shift 
(vh)jj£ = effect due to line x hatch interaction w/shift 
eijkl = error peculiar to the observation within 
line, hatch and shift. 
The analysis was performed on the unweighted line-hatch 
means in the form presented in Table 9. The "method of un­
weighted means" is a close approximation to the method of fit­
ting constants if the subclass numbers are only slightly un­
equal and especially if they are fairly large (say 10 or more), 
according to Snedecor (1956). The numbers in the line-hatch 
Table 8. Hatch means for the traits 
Hatch 
1954 W E1 M pl T1 P2 T2 
Pure strains 
Feb. 4 189.1 2.030 174.7 80.14 64.29 73.09 59.28 2.224 
Feb. 11 190.4 2.025 175.1 80.81 64.87 72.88 59.25 2.250 
Feb. 18 184.3 1.995 177.9 83.11 66.61 74.93 60.55 2.207 
Mar. 11 182.4 1.948 179.9 84.33 67.90 73.90 60.00 2.187 
Mar. 18 185.3 1.966 186.2 82.86 67.02 75.47 61.13 2.185 
Mar. 25 186.3 1.958 188.4 85.00 69.12 77.90 62.75 2.212 
Strain crosses 
Feb. 4 187.9 1.990 172.6 82.51 66.05 76.71 61.72 2.214 
Feb. 11 188.4 2.081 170.9 83.19 66.73 78.34 62.90 2.221 
Feb. 18 189.1 1.989 172.1 85.46 68.70 80.57 64.46 2.196 
Mar. 11 186.4 1.943 177.2 87.42 70.84 82.21 65.87 2.199 
Mar. 18 187.0 1.961 181.2 86.10 69.48 80.99 65.05 2.216 
Mar. 25 189.1 1.941 187.2 88.25 72.35 83.29 66.69 2.193 
aSet 2 data unanalyzed for hatch (see text) 
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Table 9» Form of hatch analyses of variance 
Source of variation d.f. Expected value of mean square 
Among shifts (b-1) kr| + (r2^ + v<r2 + htr2^ + hvcr^ 
Among lines (v-1) kerf; + c2, +h(r2 +hbcr2 
e vh bv v 
Shifts x lines (b-1) (v-1) ko*2 + cr2 +hq^^ 8 vn Dv 
Among hatches 2 ? 2 
w/shifts (h-l)b k<re + + vff£ 
Lines x hatches « 
w/shifts (v-1) (h-l)b k<r% + <r^ 
Among individuals P 
w/cells (N. ,-vhb) '£TQ 
Total N.-l «bere, t ji-) 
Analysis of unweighted means 
^ijk. = zijk " mean of cell of i^b shift, j*11 line, ktix hatch 
Corrected sums of squares: 
ZO O 
-
1
*  •  -  *  '  •  
i vh vhb 
•çr- y2 „2. 
Among lines - .j. _ » » 
J hb vhb 
Shift x lines = ^zij.- Shift S.S.-Line S.S. + C.T. 
3
~~h 
y g2 72 
Among hatches =T ..k - 1,. 
K 
— i vh 
ijk "ijk 
T* 2 
Line x hatch = rr Z, ,, - all above cor. S.S. - C.T. 
Among individuals = y2 , - 21 ti, 
Ijkl ijkl ijk J££l 
nijk 
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groups in the Set 1 data averaged 59 in the pure strains and 
77 in the strain crosses. 
For purposes of estimation all effects were assumed to 
be random. The variance components are interpreted as follows. 
<r£, Shiftî 
<r v, Lines : 
cr|v, S x L: 
Variance which arises from the difference 
of hatch mean of 1, 2, 3 vs. hatch mean 
of 4,5,6. This difference can be account­
ed for by an environmental effect associ­
ated with seasons or by differences in 
the particular sample of 23 sires in 
shift 1 vs. the 23 sires in shift 2* 
Variance due to lines (strains or crosses 
in the separate analyses). 
Variance due to interaction of shifts 
with lines which could arise from the 
different samples of sires in the two 
shifts. 
<r£, Hatches w/S: Variance due to hatches within shifts. 
o-2 . L x H w/S: 
vh 
(TQ, Error: 
Interaction variance due to lines by 
hatches within shifts. 
Error variance computed from differences 
between observations within line-hatch 
cells. 
The analyses variance from Set 1 data are given in Table 
10a for the pure strains and in 10b for the strain crosses. 
Tables lia,b and 12a,b present the variance component estimates 
and the percentage variance, respectively. 
In the pure strains significant differences were found 
among lines for traits W and E^, and among hatches within 
shifts for W, Eg, and M. The significant shift x line inter-
Table 10a. Analysis of variance of unweighted hatch means for pure strains 
Mean squares 
Source d.f. w M Px Tx P2 T2 
Among shifts 1 65.34 207.0? 483.51 44.09 45.69 27.12 15.31 
Among lines (strains) 3 1277.52* 101.37* 24.69 14.73 9.00 9.46 4.63 
Shifts x lines 3 46.66** 3.97 18.01 5.32 3.22 14.05* 6.51* 
Among hatches w/S 4 28.78* 8.92* 44.71* 7.24 5.12 10.66 4.91 
Lines x hatches w/S 12 6.46 2.80 8.36** 2.85 2.11 4.16 1.75 
Among individuals 1385 338.17 246.94 174.09 116.62 74.72 180.55 77.50 
Kl.( Individuals) 6.25 4.57 3.22 2 .*16 1.38 3.34 1.43 
Total 1408 Kt = 1/24 (.443769) = .018490375 
^Significant at P = .05 
**Signifioant at P = .01 
Table 10b. Analysis of variance of unweighted hatch means for strain crosses 
Mean squares 
Source d.f w Ei M P1 T1 *2 T2 
Among shifts 1 6.31 154. 53 600. 01 75. 01 83. 44 78.91 48. 56 
Among lines (crosses) 3 471.07 22. 29 6. 82 13. 71* 10. 84* 1.12 . 80 
Shifts x lines 3 59.91** 33. 48** 25. 09** . 72 . 99 1.77 . 92 
Among hatches w/S 4 4.74 7. 80 51. 67** 7. 13** 7. 87**10.15** 5. 11** 
Lines x hatches w/S 12 8.11* 4. 63 4. 20 1. 32 1. 32 1.42 # 69 
Among individuals 
tr
\ O
 
CO r—
1 
316.00 242. 73 182. 12 99. 41 73. 57 125.60 62. 33 
Kg. (Individuals) 4.34 3. 34 2. 50 1. 37 1. 01 1.73 . 86 
Total 1828 Eg = l/24 (.329788) = .01374117 
^Significant at P = .05 
^^Significant at P = .01 
Table lia. Hatch components of variance for pure strains 
Variance component estimates 
Due to W M P1 Tx P2 Tg 
Shifts -.3 16.42 35.74 2.87 3.18 0.55 0.47 
Lines 205.1 16.23 1.11 1.57 0.96 -O.76 -0.31 
Shifts x lines 13.4 0.39 3.22 O.83 0.37 3.29 1.59 
Hatches w/S 5.58 1.53 9.09 1.10 0.75 1.62 0.79 
Lines x hatches w/S .2 1.77 5*14 0.69 0.73 O.83 0.32 
Error 338.17 246.94 174.09 116.62 74.72 180.55 77.50 
Total 562.19 279.74 228.39 123.68 80.82 186.08 80.35 
Table lib. Hatch components of variance in strain crosses 
Variance component estimates 
Due to 
W Ei M pl T1 *2 T2 
Shifts -4.14 9.82 43.95 5.71 6.33 5.70 3.60 
Lines 68.53 1.87 -3.05 2.16 1.69 1 0
 
0
 
—0.02 
Shifts x lines 17.27 9.62 6.96 -0.20 -0.11 0.12 0.08 
Hatches w/S -0.84 0.79 11.86 1.45 1.64 2.18 1.10 
Lines x hatches w/S 3.77 1. 19 1.70 —0.04 0.31 -0.31 -0.17 
Error V
I 
.
 0
 
0
 
242.73 182.12 99.41 73.57 125.60 62.33 
Total 400.59 262.30 243.55 108.49 83.38 133.19 66.93 
Table 12a. Percentages of the variance components in hatch analysis for pure strains 
% of total due to W E^ M P^ T]_ P2 Tg 
Shifts -0.1 5.9 15.6 2.3 4.1 0.3 0.5 
Lines (strains) 36.5 5.8 0.5 1.3 1.2 -0.4 -0.4 
Shifts x lines 2.4 0.1 1.4 0.7 0.5 1.8 2.0 
Hatches w/S 1.0 0.5 4.0 0.9 0.9 0.9 1.0 
Lines x hatches w/S 0.0 —0.6 2.3 0.6 0.9 0.4 0.4 
Individuals w/cells 60.2 88.3 76.2 94.3 92.5 97.0 96.5 
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
Table 12b. Percentages of the variance components in hatch analysis for strain 
crosses 
% of total due to W Ei M P1 *1 P2 T2 
Shifts (S) -1.0 3.7 18.0 5.2 7.6 4.3 5.4 
Lines (crosses) 17.1 —0.7 -1.2 2.0 1.7 -0.1 —0 a 0 
Shifts x lines 4.3 3.7 2.9 —0.2 —0.1 0.1 0.1 
Hatches w/S —0.2 0.3 4.9 1.4 2.0 1.6 1.7 
Lines x hatches w/s 0.9 0.4 0.7 -0.0 0.4 —0. 2 -0.5 
Individuals w/cells 78.9 92.5 74.8 91.6 88.2 94.3 93.1 
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
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actions are likely due to the different sample of males in 
shifts 1 and 2. An examination of the components of variance 
indicates that at least 60 percent of the variation is found 
between individuals within line-hatch cell groups for all traits 
and among the egg production traits over 92 percent is found 
there. 
The analysis of the strain crosses for hatch, given in 
Table 10b, indicates significant differences among strain 
crosses for early production rate (Pj_, also T^). Hatches dif­
fered significantly for M, P^, Tj_, P2 and Tg. From Tables lib 
and 12b the within-cell (error) variance comprised more than 
90 percent of the total variance in all but body weight at 
first egg (W) and age at first egg (M). These traits had 79 
and 75 percent of total variance within-cell respectively. 
Correction of the Data for Linear Hatch 
Effect 
A statistical model somewhat different from the one used 
to estimate components of variance in the hatch analysis seems 
appropriate. One may assume that variation associated with 
hatch is due in a large part to fixed linear seasonal effects. 
Unbiased estimates of these fixed effects may be obtained 
from the Set 1 data of pure strains and strain crosses by re­
gression of the unweighted means on date of hatch. Although 
this method is not as efficient as a least squares correction 
or fitting constants (Methods 2 and 3, Henderson, 1953) it 
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is a simple and yet unbiased procedure. 
Figures 1 through 7 present the regressions of unweighted 
means of the seven traits on hatch date. The regression lines, 
means, and overall means are given for both the pure strains 
and strain crosses. Only a small portion of the total varia­
tion in each trait was found to be due to hatch effects. 
Most traits can be fitted to a linear time trend. Any 
deviations from linearity were considered random effects 
which may have been caused by management factors such as 
availability of space at time of housing. Since some pullets 
laid their first egg on the range before housing, one may con­
clude that a part of the hatch effect on body weight at first 
egg (W), and age at first egg (M) is associated with manage­
ment practice. King and Henderson (1954) suggested that their 
data, derived also from Babcock Poultry Farm, was somewhat in­
fluenced by method of housing. 
Following are the regressions of unweighted trait means 
on hatch date : 
Pure strains Strain crosses 
bw.h '• -.65 d. gm/wk. -.09 d.. gm/wk. 
bj; h: -.012 oz. egg/wk. -.010 oz. egg/wk. 
bMsIÎ : +1.75 da./wk. +2.00 da./wk. 
bp^ +.58 fo/wk. +.69 fo/wk. 
bTl h: +.55^/wk. +.78^/wk. 
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Pure strains Stra in crosses 
(Continued) 
»>P2.h : 
bT2.h : 
+.42 %/wk 
+ .32 ^ /wk 
+.74 %/wk 
+.57 ^ /wk 
Individual records were corrected for these linear re­
gressions computed for the seven variables in Set 1 data. 
These corrections, listed in Table 13, have the effect of 
setting the unweighted means of shift 1 equal to the unweight­
ed means of shift 2. 
Estimates of both variance and covariance components 
were obtained. Measurements were available in the Set 1 
data for all traits but March egg weight (Eg). The Set 2 
data are restricted to individuals with complete records in­
cluding Eg. As already mentioned, this may introduce some 
bias in the Set 2 data but otherwise the variances of Eg 
and corresponding covariances would be unobtainable. Also, 
it should be noted that decimal points in Ej_ and Eg were 
moved four places to the right for convenient presentation 
in all tables of this section. 
The variance components estimated by use of Model A 
are shown in Table 14. This model differs from Model B by 
the inclusion of the interaction components, LH, SE, and EH© 
The estimates of these are rather inconsistent even for 
The Variance Component Estimates 
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Table 13. Hatch corrections 
Hatch 
1954 
w 
gms. 
Ei 
oz. 
M 
da. I1 T1 1° f T2 Z-° 
Pure strains 
Feb. 4 -20 -.04 + 7 +2.0 +1.9 +1.5 + 1.1 
» 11 -20 -.03 +5 + 1.5 + 1.4 + 1.1 +0.8 
it 18 -10 —. 02 +3 +0.9 +o. 8 +0.7 +0.5 
Mar. 11 + 10 + .02 -3 -0.9 —0.8 —0.7 -0.5 
» 18 +20 + .03 
-5 -1.5 -1.4 -1.1 -0.8 
n 25 +20 + .04 -7 —2.0 -1.9 -1.5 -1.1 
Strain crosses 
Feb. 4 -10 -.04 +7 +2.5 +2.7 +2.7 +2.0 
H 11 -10 -.03 +5 +1.8 +1.9 +1.9 + 1.4 
M 18 -00 —. 02 +3 + 1.1 + 1.1 +1.1 + 0.9 
Mar. 11 +00 + .02 -3 -1.1 —1.1 -1.1 —0.9 ii 18 + 10 + .03 
-5 — 1.8 -1.9 -1.9 -1.4 11 25 + 10 + .04 -7 -2.5 -2.7 -2.7 —2.0 
succeeding measures of the same trait, for example Ej_ and E2. 
Negative estimates suggest that these interactions are of 
small importance in general. Within the pure strains the 3H 
interactions of M, P%, P2 and E2 are all higher than the com­
parable measures in the strain crosses. Aside from the ob­
viously high sampling variances of the estimates, this would 
suggest that genotype-environment interactions are greater 
for pure strains. However, the interactions of sires with 
hatch, SE, do not bear out this contention. 
Model B excludes hatch Interactions, which are of ques-
Table 14. Variance component estimates, Model A 
Est. d.f. W EI M pl Ti P2 T2 S2S 
Pure strain 
L 3 198.59 12.26 2.20 .16 .15 1.84 1.09 6.60 
H 5 5.33 .63 .49 -.39 — • l8 .08 -.14 4.32 
EH 15 1.06 4.96 6.88 1.97 .88 .60 .61 6.99 
S 42 55.34 27.55 8.12 6.26 3.07 4.76 3.31 33.39 
D 204 44.62 19.40 2.78 -3.79 -1.51 -2.11 -.41 31.58 
SD 123 8.31 15.80 10.61 15.97 6.85 2.00 -.33 13.55 
SH 71 3.56 7.96 -1.17 .66 .24 .78 .57 7.01 
DE 311 -41.45 33.49 9.68 . 10.98 3.92 7.43 4.96 13.43 
E 634 277.15 215.03 144.97 151.34 65.35 104.24 67.05 182.30 
Strain crosses 
L 3 69.62 .91 -1.23 -.56 -.23 .98 1.37 10.36 
H 5 -3.27 .01 4.68 .38 .29 .37 .47 0.96 
IS 15 9.77 4.45 3.94 -.21 -.31 -.42 -.26 3.63 
S 42 45.66 9.39 21.69 3.20 1.94 4.37 2.54 31.49 
D 211 46.13 15.06 18.91 6.39 3.20 7.81 3.02 34.14 
SD 152 -7.72 8.91 -5. 89 5.39 2.39 -3.22 1.06 9.31 
SE 71 -1.33 2.12 -.24 .12 .22 4.12 1.77 .79 
DE 454 18.50 3.64 -5.41 .13 .79 -15.49 -4.38 13.39 
E 875 225.35 208.58 157.02 114.48 55.84 136.90 70.33 204.96 
aSet 2 data d.f. for M.S. slightly fewer 
Table 15. Variance component estimates, Model B 
Est. d.f. W E1 M PL T1 *2 t2 V 
Pure strains 
L 
H 
3 
5 
198.76 
5.55 
11.47 
.4b 
3.31 .48 
2.21 .18 
.29 
.06 
1.93 
.29 
1.19 
.05 
5.47 
2.89 
S 
D 
42 
204 
56.76 
44.50 
29.60 
20.02 
8.69 6.75 
1,96 -4.01 
3.28 
-I.6I 
5.10 
-2.17 
3.58 
—. 48 
34.77 
32.41 
SD 
E 
123 
1031 
-5.61 
252.59 
3.84 
195.54 
14.65 19.88 
154.04 159.98 
8.26 
68.53 
4.56 
109.94 
1.40 
70.99 
-9.78 
192.03 
Strain crosses 
L 
h 
3 
5 
71.18 
—• 82 
1.62 
1.01 
—.60 —.59 
5.63 .33 
— .28 
.22 
.91 
.35 
1.33 
.45 
10.94 
-.14 
S 
D 
42 
211 
44. 56 
44.97 
19.30 
14.52 
22.16 3.21 
18.45 6.42 
1.97 
3.24 7:11 
3.10 
3.06 
31.75 
33.70 
SD 
E 
132 
1415 
-. 94 
242.17 
8.27 
206.99 
-7.19 5.41 
155.19 114.51 
2.11 
55.29 
-8.24 
128.81 68.37 
-13.16 
197.20 
aSet 2 data d.f. for M.S. slightly fewer 
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tlonable importance. The variance estimates under Model B 
are given in Table 15. 
The variance estimates between lines for all traits but 
body weight at first egg (W) are generally low, particularly 
in the strain crosses. If all the effects due to line dif­
ferences were additively genetic in nature, the expected 
variance between strain crosses would be one-half of the vari­
ances between pure lines. Actually, the components due to 
lines in the strain crosses is less than one-half of this 
same component estimated in the pure strains in four of the 
six measured traits. Component estimates for percent produc­
tion to May 1 (Pg and also Tg), and March egg weight (Eg) are 
greater than one-half of the components in the pure strains. 
The hatch component of variance, H, is small in both the 
pure strains and crosses. Hatch variances were small relative 
to error even before adjustment for linear effects. 
Because of disproportionate subclass numbers, the sire 
(S), dam (D), and sire-dam (SD) component estimates are cor­
related. Therefore, comparisons between S and D will be de­
ferred until Model C is considered. 
The important comparisons which can be made under Model 
B are those between the sire-dam interaction components in 
the strains and crosses. This component is higher in the 
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pure strain in all traits but body weight at maturity (W) 
and October egg weight (E^). The significance of this re­
sult is dampened by the occurrence of negative estimates for 
the dam component in the egg production measures of and Pg 
(and transformations T^ and Tg). Ignoring these negative es­
timates, greater sire-dam interaction is found for the pure 
strains. October egg weight (E^) and body weight (W) do not 
fit the generalization just mentioned. The former can be ex­
plained on the basis of differences in length of lay before 
October egg weight was measured. The pure strains, being 
later in maturity, were measured at a different period of the 
laying year, not exactly comparable to the strain crosses. 
The latter exception is not serious since both estimates were 
negative and small. 
March egg weight (Eg) should be comparable in strains 
and crosses as should maturity (M). The former is measured 
when the pullet has completed at least four and one-half months 
lay so that any differences between the pures and crosses due 
to maturity would be negligible. The traits P% and Pg and 
transformations should be reasonably comparable in the pure 
lines and crosses. 
Comparisons between sire and dam components are best 
made using Model 0 which is shown in Table 16, The utility 
of the diallel scheme is lessened by excluding sire-dam inter-
Table lé. Variance component estimates, Model C 
Est. d. f. W Ei M pi Ti P2 T2 E2a 
Pure strains 
L 
H 
3 
5 
198.79 
5.55 
11.44 
-.45 
3.22 
2.23 
.36 
.20 
.24 
.07 
1.91 
.30 
1.18 
.05 
S 
D 
42 
204 
56.38 
41.75 
29.86 
21.91 
9.69 
9.17 
8.12 
5.76 
3.84 
2.45 
5.41 
.07 
3.68 
.21 
34.10 
27.59 
E 1154 250.10 197.20 160.54 168.82 72.20 111.97 71.61 187.70 
Strain crosses 
L 
H 
3 
5 
71.18 
—.82 
1.58 
1.01 
-.56 
5.62 
—.62 
.34 
-.30 
.22 
.95 
.34 
1.33 
.45 
11.01 
-.15 
S 
D 
42 
211 
44.50 
44.52 
19.83 
18.54 
21.70 
14.95 
3.56 
9.04 
2.11 
4.26 
5.12 
3.87 1:8 30.90 27.31 
E 1567 241.75 210.75 151.92 116.97 56.25 125.06 68.19 191.21 
aSet 2 data d.f. for M.S. slightly fewer 
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actions from the model. In the pure strains the sire com­
ponent estimates are larger for all traits than those from the 
dam. This is an indication of sex-linked effects which are 
somewhat less in the strain crosses where the reverse is found 
for egg production to December 1 (P^) and its transformation 
(Tx). 
The results of the pure strains give no evidence for 
maternal effects. The dam components should contain them if 
they exist. Even though the sire components are larger than 
the dam components does not rule out the possibility of mater­
nal effects. However, the sex-linked variance present in S is 
evidently more important relatively than any maternal effect 
variance in D. Hazel and Lamoreux (1947) reported that mater­
nal effects controlled five percent of phenotypic variance in 
22-week body weight in a Leghorn flock. Jerome et al. (1956) 
found a greater variance due to sires than dams which he ex­
plained as sex-linked variance in the sire component with no 
maternal effects variance in the dam component. Both could be 
present which might be misinterpreted as the absence of either. 
This type of argument may be continued to traits other 
than W in both the pure strains and crosses. The sire com­
ponent for maturity (M) suggests some sex-linked variance. 
The lower component estimates for maturity shown for the pure 
strains may be an indication that they were not able to with-
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stand the stress of housing as well as the strain crosses. 
Concerning the estimates of components of variance in 
all three models over both types of breeding, the discrepan­
cies among the estimates make any broad generalizations diffi­
cult. The several negative estimates, especially in the in­
teractions, suggest that the true values are close to zero. 
The fact that the dam component estimates change from negative 
in Model A to positive values when sire-dam interaction is 
excluded in Model C indicates that these estimates are nega­
tively correlated as a consequence of the disproportionate 
subclass numbers. 
The Covariance Component Estimates 
The results pertain to Set 1 data ezcept for covariance 
estimates involving Eg where the Set 2 data were used. The 
decimal points in covariances involving E^ and Eg were moved 
two places to the right. 
Since there is some question that Model A is appropriate 
for estimating variance components except to indicate a trend 
in hatch interaction variances, its use for estimating co-
variance components is also of questionable value. These are 
given, nevertheless, in Table 17. 
Some of the covariance estimates under Model B, given in 
Table 18, are of interest, particularly the sire (S) and dam 
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Table 17. Covariance component estimates, Model A 
Est. W.E-l W.M W.PX W.TX W.P2 w.t2 w.e2 
Pure strains 
L 
H 
KH 
5.81 
3.27 
-5.44 
-32.95 -7.20 
.90 1.64 
5.25 -5.04 
-4.72 
1.18 
-3.33 
-4. 65 
-2.10 
-1.83 
-4.81 
-1.20 
-1.48 
-32.85 
2.94 
4.76 
S 
D 
3D 
27.30 
23.31 
-1.40 
8.89-11.74 
9.18 1.10 
2.58-13.85 
-8.15 
• 72 
-8.44 
-7.41 
-.17 
-13.33 
-6.13 
-1.20 
-9.41 
-27.69 
15.06 
4.23 
SH 
DH 
B 
7.02 
-18.90 
62.32 
-.12 1.62 
-6.95 28.04 
39.20-43.28 -
1.23 
18.01 
28.25 
— » 24 
25.21 
—28.06 
.32 
19.20 
-20.55 
3.74 
8.23 
52.20 
Strain crosses 
L 
H 
m 
-8.27 
-.84 
6.00 
-3.49 -.23 
-.05 -.14 
3.61 1.80 
-I.47 
.11 
..93 
-5.76 
.69 
-.74 
-8.56 
.25 
.53 
-16.44 
-2.36 
3.91 
s 
D 
SD 
17.78 
7.90 
.79 
17.51 -1.61 
10.88 -5.62 
—.05 6.86 
-1.28 
-4.73 
5.06 
—6.05 
-8.05 
4.14 
-4.99 
-5.66 
2.93 
14.79 
20.79 
-4.99 
SH 
DH 
E 
-.74 
-5.17 
71.31 
-1.44 -1.48 
-11.29 -1.14 
48.39-24.59 -
-.98 
—. 96 
•17.95 
• 66 
4.13 
-25.87 
-.94 
5.80 
-23.17 
-1.12 
—6.00 
66.82 
Est. EX.M Sl»P]_ E^.Ti ErP2 EI.T2 E1,E2 M.Pi 
Pure strains 
L 
H 
IH 
.45 
1.24 
-.75 
-2.66 -I.72 
.69 .48 
1.69 1.12 
5.72 
-.77 
.75 
4.14 
— .36 
.44 
-.75 
1.52 
-5.84 
2.40 
2.11 
-2.56 
S 
D 
SD 
3.80 
6.91 
-6.23 
-4.70 -3.39 
-.70 -.53 
-10.33 -7.06 
-3.28 
-4.40 
.21 
-2.30 
-4.31 
1.30 
29.19 
30.16 
-12.74 
-2.09 
-7.O5 
10.34 
SH 
DE 
E 
3.89 
-6.21 
26.94 
-4.90 -3.04 
19.04 12.77 
-34.21 -22.87 -
-1.14 
5.95 
•17.90 
—0.62 
4.40 
-4.40 
7.15 
1.05 
69.86 
-I.09 
-2.28 
-7.73 
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Table 17. (Continued) 
Est. ErM slePl E1.T1 Ei.P2 e1*T2 ErE2 m.P]_ 
Strain crosses 
L 1.55 -.53 —. 26 — • 28 —. 10 2.83 -.59 
H .03 —. 26 -.17 .23 -.31 — le 08 -.95 
m .03 -.52 -.17 -1.69 -I.09 3.27 1.18 
s -.20 .61 .00 -2.33 -1.70 23.55 -.54 
D 2.74 -7.68 -6.30 -4.33 -3.27 21.42 1.32 
SD 4.65 6.81 5.76 .56 -0.99 -3.02 -.20 
SH —.62 -1.75 -1.26 .13 -.73 —.70 -1.85 
DE -6.91 3.15 1.40 6.88 7.51 -5.42 2.74 
e 28.88 -14.88 -12.07 -22.42 -20.65 88.59 -14.34 
Est. M'Tl m.p2 m.tg m.e2 pl.ti PleP2 PrT2 
Pure i  strains 
L 1.58 1.27 1.14 3.60 .17 -.72 -.32 
H 1.33 -.72 -.55 2.18 —. 26 -.13 .03 
ie -1.44 .51 .74 -.27 1.31 -.21 —. 28 
S -1.40 1.20 1.05 2.57 4.39 4.26 3.37 
D -4.78 -2.34 -2.21 5.68 -2.41 -4.08 -3.18 
ie 7.28 2.87 2.20 -7^45 10-46 6.09 5.72 
SH -.78 -e 98 -.76 —le 68 .38 -.83 -.71 
eh -1.72 2.08 2.18 14.25 6.60 8.23 5.24 
e -4.72 -7.32 -2.41 -5.14 98.92 61.08 47.18 
Strain crosses 
L -.43 -1.58 -1.12 5.30 -.37 .02 —• 06 
H —•68 
-.95 —.16 .22 .34 .51 .53 
ih .78 1.88 1.27 -1.17 -.25 -.34 -.27 
S .05 -1.34 -i.50 -2.99 2.52 2.44 2.69 
D .41 -5.18 -3.18 3.59 4.72 2.90 3.13 
ie -.21 5.39 2.97 4.77 2.97 2.11 1.34 
SE -1.61 —2.06 -1.72 -.71 -.12 • 36 .42 
DR 2.39 3.05 2.70 -14.42 .90 —. 82 -.09 
e -9.47 -12.22 -3.12 16.39 76.00 57.60 50.12 
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Table 17. (Continued) 
Est. P^.Eg T^.Pg Ti-Tg T^.Eg Pg * ^ *2 Pg.Eg Tg.Eg 
Pure strains 
L 
H 
IH 
-.53 
.48 
2.22 
-.42 
-.15 
-.04 
-.17 
-.03 
—. 10 
-.69 
.25 
2.15 
1.41 
— • 07 
.61 
-.50 
— • l8 
1.07 
-.46 
-.11 
.72 
S 
D 
3D 
-2.78 
-1.22 
0.05 
2.95 
-2.51 
3.95 
2.36 
-1.90 
3.63 
-.98 
-.92 
—. 96 
3.92 
-1.04 
.69 
-2.80 
-2.59 
2.32 
-2.8O 
-1.59 
.77 
SH 
DH 
E 
-5.12 
-lo72 
-20.18 
-.55 
5.23 
41.21 
-.45 
3.30 
32.26 -
-7.68 
2,31 
-14.41 
5 l l 9  
81.30 
-.76 
-.98 
-15.79 
.25 
-1.38 
-12.42 
Strain crosses 
L 
H 
IH 
-.23 
— o41 
.30 
.15 
.42 
-.45 
.14 
.41 
-.37 
.00 
-.43 
.30 
1.21 
.34 
-.25 
-2.04 
-.50 
-1.19 
-1.21 
S 
D 
SD 
-2.01 
-2.90 
— .62 
1.72 
2.16 
1.38 
1.88 
2.16 
1.38 
—1.96 
-2.69 
.19 
3.07 
4.30 
.72 
-3.36 
.44 
-5.50 
-1. 87 
-.15 
-3.24 
SH 
DH 
E 
-1.05 
3.83 
-17.55 
1.06 
-1.87 
41.31 
-ill! 
37.94 -
-.43 
1.41 
13.99 
1.47 
-3.27 
68.19 
1.38 
-.14 
-9.29 
1.57 
-.25 
-13.58 
Table 18. Covariance component estimates, Model B 
Est. W.E^ W.M W.P-L W.T-l W.p2 W. Tg W.Eg 
Pure strains 
L -6.68 
H 2.09 
S 28.94 
-32.10 
2.18 
9.61 
-8.00 
.57 
-11.95 
-5.25 
.47 
-8.23 
-4.94 
-2.45 
-7.79 
-5.O5 
-I.47 
-6.26 
-33.62 
1.84 
28.30 
D 23.98 
SD 8.49 
E 51.62 
8.56 
.82 
37.15 
1.71 
-4.98 
-26.24 
1.13 
-2.75 
-17.23 
.05 
-5.03 
-12.48 
-1.02 
-3.11 
—8.41 
15.64 
.80 
46.87 
Table 18. (Continued) 
Est W.E]_ W.M. W.P-L W.^ W.p2 W.Tg W.Eg 
Strain crosses 
L -7.32 -2.92 .06 -1.32 -5.88 -8.48 -15.81 
H .36 .75 .25 .30 .54 .37 -I.45 
S 16.03 17.53 -1.86 -I.47 -5.95 -5.24 14.97 
D 7.15 10.45 —5» 84 —4.84 -7.95 -5.72 20.32 
SD -1.58 -3.19 6.72 4.88 5.34 4.82 -6.47 
E 71.75 41.57 • -25.42 -18.78 -23.00 -20.00 64.01 
Est, . Ej_.ll El*pl E1*T1 e1,p2 Ex.T2 E1.Eg M.pi 
. Pure strains 
L .33 -2.39 -1.54 5.84 4.21 -1.69 1.98 
H 1.18 1.01 •71 —.60 -.25 .33 1.42 
S 5.03 6.16 -4.28 -3.58 -2.45 30.80 -2.82 
D 7.01 -.92 —.68 —4.49 -4.27 30.90 -6.75 
SD —8.46 -3.64 -2.58 2.31 2.84 -13.12 9.31 
E 24.95 --23.93 -15.82 -14.34 -11.68 72.18 -11.20 
Strain crosses 
L 1.55 — .61 -.29 -.55 -.27 3.36 -.40 
H —. 01 -.43 -.25 -.15 -.58 -.32 -.71 
S -.40 -.05 -.44 -2.53 -2.09 23.78 -—le 00 
D 2.73 -7.63 -6.29 -4.13 -2.14 21.03 1. 17 
SD 2.52 7.80 6.22 2.55 1.28 -4.39 .83 
E 23.76 -14.15 -12.04 -18.50 -16.55 86.12 -13.09 
Est. . M.TX m.p2 M.Tg MeEg pl-Ti pl#p2 Pl.Tg 
Pure strains 
L 1.35 1.35 1.26 3.553 .38 -.75 -.36 
H .93 -.62 -.38 2.110 .11 -.18 -.04 
S -1.87 .94 .89 1.931 4.70 3.94 3.08 
D —4.62 -2.40 -2.30 5.719 -2.56 -4.06 -3.15 
SD 6.56 3.64 3.03 -2.523 12.82 8.86 7.47 
E -7.06 -6.32 -I.09 2.938 104.17 65.88 50.04 
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Table 18. (Continued) 
Est, m.tx  m,p2 m.t2 m.e2 pl.ti pl.p2 p1-T2 
Strain crosses 
L 
h 
S 
-.30 
-.54 
-.28 
— le 28 
-.55 
-1.820 
-.91 5.115 
.11 -.152 
-1.90 -2.284 
-.41 
.28 
2.44 
-.02 
.45 
2.52 
— • 10 
.48 
2.79 
D 
SD 
e 
„:8 
-8,20 • 
-5.41 
6.59 
-10.52 
-2.24 2.699 
2.99 .121 
-1.76 5.505 
4.75 
2.24 
76.41 
2.92 
I.81 
57.10 
3.16 
1.27 
50.19 
Est. PrE2 Ti .P2 T1*T2 T1,E2 P2,T2 P2*E2 t2.e2 
Pure strains 
L 
h 
S 
— « 18 
.82 
-4.21 
-.42 
—. 16 
2.74 
-.18 -.24 
-.06 .50 
2.19 -2.21 
1.51 
.12 
4.24 
-.37 
.06 
-2.90 
-.34 
.07 
—2,61 
D 
SD 
e 
-1.21 
-.24 
-23.42 
-2.51 
5.72 
44.29 
-1.89 -1.22 
4.74 .17 
24.10-16.67 
-1.11 
2.66 
85.81 
-2.72 
2.11 
-16.28 
-1.67 
.57 
-12.80 
Strain crosses 
L 
h 
S 
-.18 
-.26 
-2.22 
.08 
.24 
2.01 
.08 .04 
.25 -.26 
2.16 -2,06 
1.17 
.22 
2.52 
-2.22 
-.75 
-2.07 
-1.30 
-.71 
-2.03 
D 
SD 
e 
-2.94 
.65 
-15.47 
2.22 
1.20 
40.49 
2.21 -2.72 
.88 .67 
27.46 -12.15 
4.24 
-.28 
66.79 
.58 
-5.70 
-9.09 
-.08 
-2.79 
rl2.97 
(D) components of covariance and the sire-dam interaction com­
ponent, (SD). The question is whether negative genetic cor­
relations between egg weight and rate of production, generally-
attributed to additive genetic effects, might hold also in the 
case of sire-dam interaction. Here the genetic effects would 
be primarily dominance and some epistasis. 
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A box score of comparisons of this type from Table 18 
may be submitted to a qualitative examination. For egg 
weight and rate of production the following is obtained. 
S D SD 
Pure strains 
ElP]_ ——— — — 
E 2^2 ————— + + 
EjpPrj —— —— + 4-
Strain crosses 
EiPi 
EiP2 
e2P i  
e2p2 
The qualitative measure of these undoubtedly inac­
curate covariances perhaps can give no more than a hint that 
dominance effects are positively correlated for egg weight and 
egg production. 
Other slight evidences of antagonistic action of domin­
ance to additive effects may be found in body weight (W) with 
the other traits. Also, maturity (M) exhibits some similar 
trends. 
The covariance estimated under Model C, given in Table 
19 are of possible interest to compare the sire and dam com­
ponents. The differences observed are no doubt in the main 
++ + 
+ + 
+ 
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Table 19. Covariance component estimates, Model C 
Est. w.e l  w.m. w.pi w.t l  w.P2 w.t2 w.e2 
Pure strains 
l  -6.63 -32.11 
-7.97 -5.23 -4.9i -5.03 -33.63 
h 2.08 2.18 .56 .47 —2.46 -1.48 1.85 
S 28.36 9.67 -12.29 -8.42 -8.13 —6.47 28.36 
d 19.81 8.96 -.74 -.23 -2.42 -2.54 16.03 
E 47.85 37.51 -28.46 -18.46 -14.71 -9.79 47.23 
Strain crosses 
l  
-7.31 -2.89 .02 -î.34 -5.9i -8.51 -15.78 
h 
.33 .74 .26 .31 .55 .37 -1.46 
S 15.93 17.33 -1.43 —1.16 -5»o0 -4.93 14.55 
d 6.38 8.90 -2.58 -2.47 -5.36 -3.38 17.18 
d 71.03 40.12 -22.36 -16.56 -20.57 -17.35 61.07 
Est. e rm e rpi e1.t1 ex.p2 brT2 Ei'B2 m.p]_ 
Pure strains 
l  .38 -2.37 -1.53 5.83 4.20 -1.62 1.93 
h 1.16 1.00 .70 —.60 -.25 .31 1.43 
S 4.45 -6.41 -4.45 -3.42 -2.26 29.90 -2.18 
d 2.85 -2.71 -1.95 -3.35 -2.97 24.43 -2.17 
E 21.19 
-25.55 -16.97 -13.31 -10.41 66.37 -7.O6 
Strain crosses 
l  1.54 -.65 -.32 -.56 —.28 3.38 — .41 
h -.01 -.43 -.25 -.15 -.58 -.32 -.71 
S -.24 .45 -.05 -2.36 -2.01 23.50 -.95 
d 3.96 -3.84 -3.27 -2.89 -2.52 18.89 1.58 
e 24.91 -10.61 -9.21 -17.34 -15.97 84.12 -12.71 
Est. m.ti m.p2 m.t2 m. eg pl.t i px.p2 pl.t2 
Pure strains 
l  1.31 1.33 1.24 3.57 .30 —. 80 — .05 
h .94 —.61 -.37 2*11 .13 -.17 -.03 
S -1.42 1.19 1.10 1.76 5.58 4.56 3.59 
d 
-1.39 —.61 — » 81 4.47 3.75 ,  .30 .52 
E -4.15 -4.70 .26 1.82 109.87 69.81 53.36 
Strain crosses 
l  
-.31 -i.32 -.94 5.12 -.43 -.04 —. 11 
h -.54 -.54 .11 -.15 .29 .44 .48 
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Table 19. (Continued) 
Est. m.t]_ m.p2 m.t2 m.e2 p rtx  prp2 p rt2 
Strain crosses (Continued) 
S 
-.34 -1.40 -1.65 -3.38 2.65 2.63 2.87 
D o 64 -2.21 -1.40 3.76 6.32 3.81 3.78 
E =8.20 
-7.52 .06 5.57 77.88 57.93 50.77 
Est. Pl-bg t rp2 t1, t2 tx.E2 p2.t2 P2.E2 t2.e2 
Pure strains 
L —• 18 —.46 -.21 -.34 1.49 -.34 -.35 
H .83 -.15 -.05 .51 .14 .06 .07 
S -4.23 3.14 2.51 -3.30 4.42 -2.76 -2.59 
D -1.63 .31 .44 -1.13 .20 -1.68 -1.49 
E 
-23.53 46.83 36.21 —16.60 86.99 -15.45 -12.64 
Strain crosses 
L -.19 .07 .08 .05 1.17 -2.20 -1.29 
H -.36 .34 .35 -.37 .32 -.75 -.72 
S 
-2.29 2.09 2.21 -2.02 3.50 -3.43 -2.22 
D —2.62 2.86 2.64 -2.39 4.16 -2.18 -1.44 
E . -15.18 41.08 37 c 86 -12.85 66.62 -11.68 -14.25 
due to sampling errors of the estimates. Yet the generally 
higher estimates for the sire covariance estimates in W.E^, 
W.E2, and W.M suggest that sex-linked effects therein cause 
the sire component to be higher than the dam component. 
Heritabilities and Correlations 
In this study heritabilities were estimated three ways: 
from the sire component, h|, from the dam component, h?, and 
2 from the average of both, hg+(^. Genetic correlations are 
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likewise estimated three ways. They are represented sym­
bolically, rn , rn , and rr . These parameters are consid-
s d "s+d 
ered primarily additively genetic in nature as discussed pre­
viously. A non-additively genetic estimate, dS(j, was also 
computed. Just as heritability in the narrow sense is de­
fined as the ratio of additive genetic variance to total 
phenotypic variance, dg(j may be considered a "heritability" 
in the non-additive sense. The numerator of this statistic 
2 2 (4.SD in models A and B) is an estimate of cr D + 1/2 cr 
+ 1/2 cf|A + 1/4+ etc. 
In addition to the foregoing genetic parameter esti­
mates phenotypic correlations, r^, were estimated for the 
eight variates. As before, Set 1 data were used except for 
estimates involving Eg using the Set 2 data. 
The estimates are presented, in Tables 20, 21 and 22 
from the three models. A number of discrepancies and apparent 
inconsistencies occur among the estimates. Tentatively, this 
is attributed largely to the limited amount of data and the 
consequent sampling errors. Therefore these statistics at 
best can only serve as a rough guide to true values. Only 
relative values and possible trends will be discussed here. 
Since Model A did not appear too appropriate in esti­
mating variance components, the parameter estimates, appearing 
in Table 20 are of less value than those from the other models. 
Table 20. Heritability estimates from Model A 
Trait Pure strains Strain crosses 
*1 hs+d asd 4 hs+a dsd 
w .6) .51 .57 .09 .54 .57 .56 — .10 
E1 .44 .31 .37 .25 .32 .25 .28 .15 
M .19 .06 .12 .24 .46 .40 .43 -.12 
P1 .14 —.08 .03 .35 .10 .  20 .15 .16 
T1 .16 —, 08 .04 .35 .12 .20 .16 .15 
p2 .16 -• 07 .05 .07 .13 .23 .18 —. 10 
T2 .18 -.02 .08 —. 02 .14 . 16 .15 .06 
E2 .52 .49 .50 -.21 .51 .56 .53 — . 14 
Table 21» Heritability estimates from Model B 
Trait Pure strains Strain crosses 
h! hl+d dsd hs hl hLa dsd 
W .64 .50 .57 -.04 .54 .55 .54 -.01 
Ei .48 .32 .40 .06 .31 .23 .27 .13 
M .19 .04 .12 .35 .46 .38 .41 -.15 
P1 .15 -.09 .03 .43 .10 .20 .15 .17 
T1 .17 —.08 .04 .42 .13 .21 .17 .13 
P2 .17 -.07 .05 .15 .17 .23 .20 - .25 
T2 .19 -.03 .08 .13 .17 .16 .16 - .02 
Eg .55 .51 .53 -.15 .51 .54 .52 -.20 
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Table 22. Heritability estimates from Model C 
Trait Pure i strains Strain crosses 
hLi h
2 
s 
h2 
s+d 
W .64 .47 .56 .54 .54 .54 
E1 .48 .55 .42 .32 .30 .31 
M .21 .20 .21 .45 .31 .38 
P1 .18 .13 .15 .11 .28 .19 
T1 .20 .12 .16 .13 .27 .20 
P2 
.18 .00 .09 .15 .12 .13 
T2 .20 .00 .10 .17 .15 . 16 
B2 .54 .44 .49 .50 .44 .47 
The dg£ ratios appear to be smaller in the strain crosses. 
The dg£ estimates from Model B in Table 21 are similar in this 
regard with the exception of W and E^. 
Estimates from Model C are given in Table 22. The gener­
ally higher estimates for heritabilities estimated from the 
sire, h|, suggest that sex-linked, effects are present for the 
components involved. For rates of production and sexual 
maturity the strain crosses have higher heritability estimates. 
This agrees with the findings of Nordskog (1955) and Diakerson 
(1957), for egg production rates. The latter investigator re­
ported opposite findings for maturity but the sampling error 
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was large and for the estimates given here is probably even 
larger. 
Dickerson (1957) reported estimates of heritability of 
body weight at 18 weeks which were much the same in strains 
2 
and crosses. Likewise in Table 22 the estimates hg+^ for body 
weight (W) are similar in the pure strains and strain crosses, 
although they are twice as large as Dickerson's estimates. 
Jerome et al. ( 1956) reported, an estimate for body weight of 
.50 which corresponds .closely with the estimates given here. 
Heritabilities of E1 and E2 from the average of sire and 
dam produced estimates that were slightly higher in the pure 
strains which is supported by Dickersonfs estimates in strains 
and crosses. 
The correlations in the pure strains and strain crosses 
are presented in Tables 23 to 28 for each model. Within 
models the genetic correlations estimates from the sire (upper 
figures) and from the dam (lower figures) are presented to­
gether in one table and genetic correlations from sire and dam 
combined (upper figures) and phenotypic correlations (lower 
figures) are presented together in another table. 
Tables 23» 24, 25 and 26 concern Models A and B. The 
dash (--) indicates the denominator of the genetic correlation 
estimates contained a negative additive variance estimate under 
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Table 23. Genetic correlations from the sire (upper figures) 
and dam (lower figures) under Model A 
W Ei M *1 Ti P2 T2 E2 
Pure ; strains 
w + .70 
+.79 
+ .42 
+ .82 
-.63 -. 63 -.46 -.45 + .71 
+ .47 
E1 + .61 
+ .3P 
+ .25 
+ .94 
-.36 -.37 -.29 -.24 + .94 
+ 1.19 
M + .57 
+ .37 
—. 01 
+. 16 
-.29 —. 28 +.19 + .20 +. l6 
+ .78 
P1 —. 14 
+.33 
+ .08 
—.78 
-.07 
+ .12 
+1.00 +.78 + .74 -.17 
T1 -.14 
-.39 
+ .00 
-.91 
+ .01 
+ .05 
+1.01 
+ 1.04 
+.77 + .74 —. 08 
V —. 44 
-.42 
-. 26 
-.40 
-.14 
-.43 
+ .66 
+ .41 
+.59 
+ .43 
+.99 —• 22 
T2 -.47 
-.48 
-.24 
-.49 
—.20 
-.42 
+.94 
+ .71 
+ .85 
+ .70 + .89 
-.27 
E2 
+ .42 
+ .56 
+ .98 
+ .87 
-.12 
+ .15 
-.21 
-.19 
-.24 
-.26 
-.29 
+.03 
-.21 
-.02 
Strain crosses 
the radical sign. As a consequence the estimate is imaginary 
and thus invalid. Because of these and the several estimates 
which are greater than unity, also Invalid, only estimates 
from Model C will be discussed. 
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Table 24. Genetic (upper figures) and phenotypic (lower 
figures) correlations under Model A 
W Ei M pl T1 P2 T2 Eg 
Pure strains 
w + .74 
+ .35 
+ .55 
+ .22 
-.68 
-.14 
-.59 
-.14 
-.47 
-.13 
-.43 
-.12 
+ . 60 
+ .33 
Ei + .46 
+.32 
+ .47 
+ .14 
-.50 
—. 16 
-.46 
-.17 
-.69 
-.12 
-.57 
-.12 
+1.05 
+. 49 
M + .47 
+ .26 
+ .07 
+ .13 
-1.76 
-.04 
-1.50 
-.04 
-.21 
-.04 
-.21 
+ .00 
+.33 
+ .05 
P1 -.25 
-.14 
+ .04 
-.09 
+ 1.01 
+ 1.00 
+ .07 
+ .51 
+ .07 
+ .49 ::il 
T1 —. 28 
-.15 
-.47 
-.10 
+.03 
—, 08 
+1.03 
+ .96 
+ .21 
+ .53 
+ .21 
+ .51 
-.10 
-.19 
P2 -.43 
-.15 
-.33 
-.12 
-.30 
—. 08 
+.50 
+ .49 
+ .49 
+ .51 
+ 1.04 
+ .97 
-.34 
-.13 
T2 -.48 
+ .17 
-.36 
-.15 
-.31 
-.03 
+ .80 
+ .59 
+ .76 
+ .63 
+ .90 
+ .75 
-.30 
-.13 
e2 + .50 
+ .32 
+ .93 
+ .50 
+ .01 
+ .03 
-.19 
-.14 
-.25 
-.17 
—. 11 
-.10 
-.12 
-.14 
Strain crosses 
Table 27 gives the genetic correlation estimates from 
the sire (upper figures) and from the dam (lower figures) for 
Model c. The estimates from the sire and dam are more nearly 
alike in the strain crosses in regard to correlations involv­
ing egg production. No trend is apparent for the other traits. 
Sampling error could account for most of the differences près-
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Table 25» Genetic correlations from, the sire (upper figures) 
and dam (lower figures) under Model B 
W ei m P1 T1 p2 T2 Eg 
Pure strains 
w M1 
+.80 
+ .43 
+ .92 
—. él —. 60 —. 46 -.44 + .70 
+. 48 
E1 + .55 
+ .28 
+ .31 
+ 1.12 
-.44 — .44 -.29 -.24 -.95 
+1.18 
m + .56 
+ .36 
—. 02 
+.17 
-.37 -.35 + .14 + .16 +. 11 
+ .96 
P1 —. l6 
-.34 
-.01 
-.79 
-.12 
+ .11 
+ 1.00 + .67 + .63 
-.25 
T1 — » lé 
-.40 
—.07 
-.92 
—. 06 
+ .04 
+ .97 
+1.04 
+ .67 + . 64 —. 28 
P2 -.37 
-.42 
-.24 
-.39 
—. lé 
-.45 
+ .59 
+.41 
+ •60 
+ .44 , 
+.99 -.24 
t2 -.45 
-.49 
-.27 
-.47 
-.23 
-.45 
+ .89 
+ .71 
+ .87 
+ .70 
+ .84 
+ .89 
—. 26 
e2 +,41 
+ .56 
+1.00 
+.88 
-.13 
+.16 
-.22 
-.19 
-.23 
—. 2o 
-.22 
+ .04 
-.20 
-.01 
Strain crosses 
ent, but the estimates given do not disagree with the possi­
bility of sex-linked effects in the sire or maternal effects 
in the dam, biasing their respective estimates. Jerome et al. 
(1956) and Dickerson (1957) also found differences which 
could be explained in the above manner. 
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Table 26. Genetic (upper figures) and phenotypic (lower 
figures) correlations under Model B 
w Ei M pi Ti P2 T2 Eg 
Pure strains 
w + .75 
+ .33 
+ .55 
+ .23 
-.62 
— • 16 
-.55 
—. lb 
-.45 
-.14 
— » 41 
-.12 
+. 60 
+ .32 
Ei + .42 
+ .33 
+ .52 
+ .14 
-.61 
— • 16 
-.55 
—. 16 
— • 67 
-.12 
-.55 
-.12 
+ 1.05 
+ .48 
Mi +. 46 
+ .27 
+ .06 
+ .13 
-1.77 
—• 06 
-1.54 
=*• 05 
-, 26 
-.03 
-.24 
+ .00 
+ .30 
+ .05 
*1 -. 26 
-.13. 
-.43 
—. 08 
+ .01 
—.08 
+ 1.00 
+ 1.00 
-.04 
+ .51 
-.02 
+ .49 
-.21 
— .16 
T1 -.29 
-.14 
-.50 
-.10 
— .01 
— .08 
+ 1.01 
+ .96 
+ .11 
+ .52 
+ .13 
+ .51 
—, 24 
-.17 
P2 
-.40 
-.15 
-.31 
-.12 
-.31 
— .07 
+ .48 
+.49 
+.50 
+.50 
+ .04 
+.97 
-.37 
-.12 
T2 -.47 
— , l6 
— .36 
-.15 
-.33 
-.02 
+.77 
+.59 
+ .77 
+.63 
+ .86 
+ .75 
-.30 
-. 12 
E2. + .49 
+ .32 
+ .94 
+ .51 
+ .01 
+ .03 
—. 20 
-.14 
-.25 
-.17 
—. 08 
-.10 
-.11 
-.14 
Strain crosses 
The genetic correlations from the sire and dam combined 
(upper figures) and the phenotypic correlations (lower fig­
ures) are given for Model C in Table 28. No estimates are 
available in the literature with regard to genetic correla­
tions in strain crosses compared to pure strains. Of possible 
importance are the estimates of egg weight and production 
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Table 27. Genetic correlations from the sire (upper figures) 
and dam (lower figures) under Model C 
W Ei M P1 T1 P2 T2 Eg 
Pure strains 
w + .69 
+ .66 
+ .41 
+. 46 
-.57 
-.05 
-.57 
-.02 
-.47 
-1.40 
-.45 
-.85 
+ .71 
+ .52 
E1 +.54 + .22 
+.26 
+ .20 
— e 41 
-.24 
-.42 
-.27 
-.27 
—2.68 
-.22 
-1.37 
+.93 
+1.00 
M +.56 
+.35 
-.01 
+ .24 
-.25 
-.30 
-.23 
-.29 
+ .16 
-.75 
+ .19 
-.58 
+ .10 
+.30 
P1 -.11 
-.13 
+ .05 
+.30 
-.11 
+ .14 
+1.00 
+ 1.00 
+ .69 
+ .46 
+.66 
+.4? 
-.25 
+.30 
T1 -.12 
—. 18 
— .01 
-.37 
-.05 
+ .08 
+ .97 
+ 1.02 
+. 69 
+ .73 
+.67 
+.61 
— . 28 
— . 16 
P2 -.37 
-.41 
-.24 
-.34 
-.13 
-.29 
+ .62 
+ .65 
+ .64 
+.70 
+.99 
+1.63 
-.23 
— . 49 
T2 -.42 
-.30 
—. 26 
-.35 
-.20 
—•21 
+ .87 
+ .74 
+ .87 
+ .76 
+ .88 
+ 1.25 
— * 26 
— . 62 
E2 + .41 + .50 
+.92 
+.80 
-.13 
+.19 
-.21 
-.19 
-.23 
—. 24 
—.26 
—. 21 
-.22 
-.17 
Strain crosses 
which are in general not as highly negative in the strain 
crosses as in the pure lines. 
The genetic correlations of with Eg on a single egg 
basis are reasonably high indicating that an early measure 
may be used effectively to select for egg size. The same is 
true of P]_ and P2 but higher genetic correlations are indi-
83 
Table 28» Genetic (upper figures) and phenotypic (lower 
figures) correlations under Model c 
W M P1 Tl P2 t2 Eg 
Pure , strains 
w + .68 
+ .33 
+ .43 
+ .23 
-.35 
—. ID 
-.34 
-. 16 
— * 46 
-.14 
-.46 
-.12 
+ .63 
+ .32 
E1 + .38 
+.33 
-•-'23 
+ .14 
-.34 
—. l6 
-.36 
—. 16 
-.40 
-.12 
-.37 
-.12 
+ .96 
+ .48 
M + .46 
+.27 
+ .10 
+ .13 
-.27 
-.06 
—. 26 
-.05 
+ .06 
-.03 
+.03 
+ .00 
+.19 
+ ô05 
*1 -.12 
-.13 y.oi + .03 —• 08 + 1.00 +1.00 + .56 + .51 + .56 +.49 — e 21 — . 16 
T1 -.15 
-.14 
-.21 
-.10 
+ .02 
— e 08 
+ 1.00 
+ .96 
+ .59 
+ .52 
+ . 60 
+ .51 
-.23 
-.17 
P2 -.39 
-.15 
—. 28 
-.12 
-.20 
-.07 
+ .61 
+ .49 
+ .65 
+.51 
+1.00 
+.97 
—. 26 
-.12 
T2 -•36 
—• 16 
-.30 
-.15 
-.21 
-.02 
+ .77 
+ .59 
+.79 
+.63 
+1.05 
+ .75 
-.29 
— .12 
e2 + .45 
+ .32 
+ .90 
+ .51 
+ .01 
+ .03 
—. 20 
-.14 
-.24 
-.17 
-.24 
-.10 
— * 20 
-.14 
Strain crosses 
cated for the strain crosses. 
The phenotypic correlations are closely similar for the 
two breeding types. Also with few exceptions, the phenotypic 
correlations were in the same direction as the genotypic cor­
relations, though not of the same magnitude. Because body 
weight was measured at first egg this would tend to make cor-
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relations involving this trait opposite in direction from 
those of body weight if measured at a constant age. 
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DISCUSSION 
General Restrictions 
A number of factors peculiar to this study need to be 
considered with reference to the general validity end appli­
cation of the results. 
That only five strains and crosses with a fifth are in­
volved with small numbers of individuals is somewhat limit­
ing. That just one year's data were available for this study 
limits the general application of results. In the same man­
ner, the fact that one particular farm produced the data is 
limiting also. Variety-year and variety-farm interactions 
have been found by other investigators and they may or may 
not be of appreciable magnitude in the traits here considered. 
Details in the management of the birds and in recording 
the data could influence the validity of estimates given in 
this study. The method of housing the birds probably influ­
enced age at maturity and accordingly, body weight taken at 
that time. However, egg weight in October and egg production 
would be influenced to a lesser extent by housing. 
Another factor, unavoidable in studies of this type, is 
the effect of natural selection which operates from the con­
ception of the individuals to the end of period tested. It 
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was necessary to restrict the data to those birds alive at 
the end of the test period. In the strict sense, these sur­
vivors' data are a selected population. Although mortality 
was low, the extent to which mortality is associated with 
other traits studied biases the data used for analysis. 
That the parameter estimates are not out of line of those 
reported previously would indicate that the overall restric­
tions did not seriously hamper any general trends observed. 
On the other hand, this may simply be a reflection of the 
large sampling errors inherent in the various parameter es­
timates. 
Sampling Errors of the Estimates 
Crump (1951) studied sampling variances of variance 
component estimates and found them to be "extremely complex" 
and that "very little useful progress has been made in the 
treatment of two-way classifications with unequal numbers in 
the subclasses". The models used in the present study were 
relatively more complex than the basic two-way classification 
used in investigations. 
Lowry (1955) pointed out that estimates of additive 
variance, dominance variance, heritability, etc. are functions 
of one or more mean squares from the analysis of variance so 
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that estimation of sampling variances of such estimates is 
difficult at best. 
No sampling errors were obtained in this study. Osborne 
and Patterson (1952) worked out the standard error for herit­
ability estimates derived from components of variance for the 
case of equal subclass numbers. Farnsworth (1956) obtained 
good agreement with this method. This technique applys to 
hierarchial or "nested" classification. However, in these 
data where hatch, sire-dam and other effects and interactions 
were assumed in the models, this and other techniques mentioned 
by Crump (1951)» Lowry (1955), and Graybill et al. (1956) are 
not applicable. 
An encouraging note has been presented recently by 
Kelleher et al. (1958) on precision of variance component es­
timates. The usual assumption in estimating sampling variances 
of estimates is normality of the parent distribution and homo-
geniety of variances. They considered the accuracy of the es­
timates when these assumptions are not fulfilled. Estimates 
of components of variance, taken from corn data, were not af­
fected generally by non-normality. They also found from their 
analysis of variance of variance components that heterogeniety 
was not detectable. These results confirmed on a wider range 
of material, conclusions reached in a previous study by Corn-
stock and Robinson (1951). The latter offered the suggestion 
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that slight non-normality and heterogeniety will not affect 
component estimates to any great extent. 
Of importance to future studies involving two-way classi­
fication models in diallel crosses is the recent work of Searle 
(1958). He derived the sampling variances of component esti­
mates for this two-way classification using matrix methods 
and uncorrected sums of squares. Variances and covariances in­
volving the latter are given by him for the basic model of 
this type. By expressing the corrected sums of squares as 
functions of the uncorrected sums of squares, the variance-
covariance matrix of component estimates are thus given. Ap­
plication of this method was not possible for the relatively 
more complex models used here but future derivations along 
this line would seem to hold some promise. 
Jerome ert al. (1956) gave the approximate 90 percent 
confidence limits computed for the sire and the dam variance 
components from their data on diallel crosses. This method 
was suggested by Henderson (Jerome et al. 1956) for use when 
there are no missing subclasses and with equal numbers in 
each. It is based on the expectations of F values. Since 
the majority of subclass numbers were unfilled and those 
filled were unequal in the data used in this study, the ap­
proximation used by Jerome et al. was not here applicable, 
but a discussion of his results would be of interest to sug­
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gest the possible ranges for estimates given here. The upper 
90 percent limits were from two to four times the components 
from the sire and from the dam. The lower limits were from 
one-third the estimate values to negative equivalents in ab­
solute values. The more highly heritable traits such as body 
and egg weight had the smaller confidence intervals. 
The results of Jerome et al. suggest the sampling errors 
of the components estimated in this study were high and there­
fore the estimates are useful only to indicate possible trends. 
Hereditary Variation in Pure 
Strains and Strain Crosses 
There is some evidence in the literature which indicates 
that over-dominance, genotype-environment interactions and 
genetic buffering may be manifestations of the same type of 
gene action. 
Matzlnger (1956) pointed out that the several inbred corn 
varieties which have survived many years of testing in commer­
cial crosses are still being used as a result of their con­
sistent good performance in many environments. He found in 
his own study on corn yield that additive genetic variance 
measured over locations and years was almost negligible while 
the estimated dominance variance was relatively large. He 
stated the genotype-environment interaction component, addi­
tive x years, was large relative to other interaction components 
an apparent result of a shift in the effects of genes from 
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year to year. 
Nordskog (1955) found in poultry an indication that genes 
governing egg production rate did not act the same at two lo­
cations. Little real evidence for the presence of additive x 
hatch genotype-environment interactions was found in these 
data, similar to the results of Abplanalp (1956)f but if any 
were present the pure strains evidenced this tendency in sex­
ual maturity and egg production rate more than the strain 
crosses. 
It is interesting that these traits in the pure strains 
also showed rather high estimates for sire-dam interaction 
components, which are measures of dominance, as opposed to 
the estimates in the strain crosses. Jerome et al. (1956) 
had previously found evidence of dominance variance in total 
egg production in a pure strain of New Hampshires. 
Dickerson (1955) suggested that the overall performance 
of a trait measured in increasing periods of time or in sever­
al different environments would result in the appearance of 
over-dominance. This would indicate that genotype-environment 
interactions are measured as overdominance. 
Lerner (1954) advanced the argument that individuals pro­
duced from the cross mating of pure lines would be better 
genetically "buffered" to different environments than the 
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pure line individuals. That the sire-dam interaction was in 
general greater in the pure strains than in the strain crosses 
tends to indicate that particular combinations of alleles at 
a locus from the sire and dam within a line are more sus­
ceptible to ranges of environment than allelic combinations 
from sires and dams of divergent strains. 
Maturity and egg production rate, admittedly measured 
poorly in these data, were most divergent with respect to 
sire-dam interactions in the pure strains and strain crosses. 
Traits such as these are closely associated with reproductive 
fitness which Lerner considers most susceptible to genetic 
buffering. 
The lack of precision in the estimates reported here 
belies any definite conclusions which may be made concerning 
relative values of the sire-dam interactions in the pure 
strains and crosses. At the same time a general trend is 
evident from the estimates that this interaction is greater 
in the pure strains. 
Another observation from these data is in agreement with 
the above noted trend. Heritability estimates for egg produc­
tion rates were higher in the strain crosses than in the pure 
strains. Nordskog (1955) and Dickerson (1957) reported the 
same. Dickerson suggested that components due to sire in 
strain crosses would contain some dominance variance which 
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would not be contained in the paternal half-sibs measured in 
a randomly mated pure strain population (Kempthome, 1954) » 
Dickerson1s suggestion is analogous to saying that some in­
teraction of sire by female line is included in the sire ef­
fect measured in the strain cross. Since the data were from 
diallel crosses, the dams1 effects, measured from the maternal 
half-sib strain crosses, likewise contain some interaction ef­
fects of dam by male line. 
This additional interaction variance present in the sire 
and dam component of the strain cross data may be due to dom­
inance or epistasis. Since the strain crosses cannot be con­
sidered random mated populations, no exact expectations of the 
additive and non-additive genetic variances may be given. 
If the interaction variance were due mainly to intra-loci 
interaction, that is, dominance, that would explain the gen­
erally higher sire and dam components in the strain crosses for 
traits which may contain dominance. 
WrightTs mechanistic explanation of heterosis due to over-
dominance as presented by Lush (1948) may be given in a modified 
form to tie together overdominance and genotype-environment 
interaction as suggested by Dickerson (1955)• A one locus 
genetic model can be presented. Gene A is favorably dominant 
over _a in environment E^. In a succeeding environment, Eg, 
gene a performs a desirable function while A adds little or 
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nothing to the desirability of the individual. The net ef­
fect over the succeeding environments and Eg is that gen­
otype Aa is more desirable than either AA or aa. This con­
forms to the definition of overdominance and yet could be 
interpreted as genotype-environment interaction. 
Sex-linked and Maternal Effects 
Newcomer (1957) presented cytological evidence that 
hereditary variation in the fowl is controlled primarily by 
six chromosome pairs; one of these is the sex chromosome which 
is haploid in the female. The estimates of heritability ob­
tained in this study indicate that sex-linked effects were 
present. This was particularly true for egg weight and evi­
dently was more pronounced in the pure strains than in the 
strain crosses. These differences were exhibited in terms 
of a larger sire than dam component. 
Both the components of variance and covariance, although 
no doubt affected by sampling errors, suggest that sex-linked 
effects are present particularly in egg weight, body weight 
and sexual maturity. 
There is no reason to suggest that maternal effects were 
present to any appreciable amount but the possibility remains 
that they could be present but overshadowed by sex-linked 
variance present. 
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SUMMARY 
The purpose of this investigation was to examine the 
genetic composition of certain pure Leghorn strains and strain 
crosses with respect to performance factors. Information 
from diallel matings was obtained on additive genetic variance 
and covariance for the two breeding types. Records from a 
commercial breeding farm consisting of 1829 individuals from 
four pure strains and 1409 individuals from four strain crosses 
were analyzed. 
The traits studied and their respective heritabilities in 
the pure strains and strain crosses were body weight at first 
egg (W), ,56 and .54; age at first egg (M), .21 and .38; 
October egg weight (E%), .42 and .31; March egg weight (E2), 
.49 and ,47; percent egg production to December (P^), .15 and 
.19; and percent egg production to May (P2), .09 and ,13. 
These estimates were from the sire and dam combined. 
Some of the genetic correlations (sire and dam combined) 
estimated in the pure strains and strain crosses were, re­
spectively, W x M, +.43 and +.46; W x +.68 and +.46; 
W x Pp -.35 and -.12; M x Ej_, -.23 and +.10; M x P-, , -.27, 
+.03; Ej_ x Pp -.34 and -.15. Correlations between E^ and Eg 
were above +.90 indicating the early measure could be used 
effectively to select for egg size. The same was true to a 
lesser extent for P^ and Pg, the crosses exhibiting a higher 
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correlation than the pure lines. 
The traits M, P^ and Pg exhibited rather high s ire-dam 
interaction variance components in the pure strains as opposed 
to the estimates in the strain crosses. This is a measure of 
dominance variance. Dominance was discussed as a possible 
explanation for the higher estimates of sire and dam components 
of variance in the strain crosses. 
Genotype-environment interactions of hatch with sire and 
dams were slightly higher in the pure strains, but were of 
negligible value in either case. The presence of sex-linked 
effects was indicated from the larger estimates of sire com­
ponents of variance and covariance particularly in W, M, and 
E^. There was no suggestion that maternal effects were present 
to any appreciable amount, but the possibility remains that 
they could be present but overshadowed by sex-linked effects 
present. 
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APPENDIX 
Computer Programming and Sums of 
Squares and Sums of Products 
A description is given here of some of the data processing 
techniques used in making the computations involved in this 
study. 
The machines used were manufactured by International 
Business Machines. The data were first put on IBM cards with 
a key punch. These detail cards for each individual bird 
contained a "field" of columns which identified the pullet 
as to line, hatch, sire, etc. corresponding to the subscripts 
i, J, k, P, % and y. In addition there were eight other 
fields corresponding to the three digit measurements of W, 
E, etc. For simplicity one may assume at this point that the 
records are corrected for linear hatch effects and that all 
eight fields of the traits are valid. In practice, there 
were four such groups of detail cards corresponding to pure 
lines and crosses of two separate sets of data (see Material 
and Methods). 
The next step toward computing the sums of squares was 
to summarize these detail cards into the 10 class totals cor­
responding to the 10 uncorrected sums of squares. The first 
class total is that corresponding to total individual sum of 
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squares (idhsv). This, of course, needs no summarization be­
fore calculating the squares and products. The first summary 
required is that for the dam by hatch sum of squares (dhsv). 
For this summary the cards are sorted on the ijkp subscripts 
and fed into an IBM 407 tabulator. At each change of ijkp 
classification a total is printed. At the same time a sum­
mary card is punched. On each of these cards is (a) an iden­
tification corresponding to ijkp, (b) the number of individu­
als in this group (e.g. jjrp), and (c) the totals for the 
eight fields of variables. This card is produced by the sum­
mary punch machine, which is attached to the IBM 40? for this 
purpose. 
If the next groups of class totals to be summed corres­
ponds to a higher rank in a heirarchial scheme such as the 
sire by hatch sum of squares (shv), the previous groups of 
summary cards may be used to obtain them. These summary cards 
(dhsv) are fed into the IBM 407 which has the wire control 
board changed appropriately to give totals and punch cards 
summary at each different ijk classification. 
In the case of a cross classification model where the 
summary cards for a sum of squares are summed with a differ­
ent arrangement of subscripts, then additional sorting is 
necessary. 
The fabrication of groups of summary cards is continued 
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for the 10 sums of squares including the highest classifica­
tion that for the correction term, (1). This latter is com­
posed of but one card on which is the total number of birds 
(N....) and the totals over the whole population for the 
eight variates. The number of summary cards in each of the 
groups of totals correspond to the degrees of freedom in that 
particular uncorrected sum of squares. 
As a check on the sums, the IBM 407 is control wired to 
give a grand total for all the cards in each run. These 
grand totals will agree with that entered on the correction 
term card. 
At this point the cards are ready for processing on the 
IBM 650 magnetic drum data processing machine. A very gener­
al treatment of the machine's operations is given here. For 
the reader interested in details of the 630 operation the 
Manual of Operation, International Business Machine Corp. 
(1955) should be consulted. 
The heart of the IBM 630 is the magnetic drum on which 
may be stored information necessary to process a problem. 
On this small cylinder, revolving at 12,500 r.p.m., is space 
to store 2,000 ten digit numbers called "words". These stor­
age spaces numbered 0000 to 1999 may be used to store a pro­
gram which has been entered from cards and also to store data, 
intermediate results, and answers during the computations. 
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The 650 does no more than add, subtract, multiply and 
divide. The machine is "told" to do 30 to particular "words" 
at a location and store the result at a particular location by 
a series of instructions previously entered into some of the 
storage locations. This sequence of instructions is called 
a program. 
To program instructions are ten digit numbers (and a 
sign) which essentially inform the IBM 6^0, (a) what operation 
to perform, (b) on what to perform it, (c) where to go for 
the next instruction. One analogy to the program sequence 
could be that of an extremely fast scavenger hunt. 
For the operation of obtaining class sums of squares 
and sums of products, the data cards are those groups obtained 
in the previous summary punch operations. Assuming that the 
program has been previously entered into the IBM 650, the data 
cards are then entered, one at a time, to be processed. For 
the problem here discussed Table 29 lists the input locations 
for the card and machine and likewise for the output. In 
the table "n" refers to the number in the subclass (e.g. 
Nijk.)e 
The variables which for the sake of simplicity will be 
designated X^ to Xg and n are entered, one card at a time, 
through the read-punch unit of the IBM 650. The board of this 
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Table 29. Data and answer cards for 88 and SP IBM 650 
program 
Informa- Card 
tion columns Location Word 
Input (data cards) 
n= 9-12 0059 (9) 
W= X-, 13-18 0051 (1) 
B1= X2 19-24 0052 (2) 
MS Xz 25-30 0053 (3) 
Pi= Za 31-37 0054 (4) 
T,= x6 38-44 0055 (5) 
Pp= xz 45-51 0056 (6) 
T2= Xn 52-58 0057 (7) 
E2= X£ 59-64 0058 (8) 
Output (answer cards) 
Class 1-2 0027 (1) 
Type XjX , 3-4 0028 (2) 
N 5-8 0029 (3) 
88 or SP 11-20 0030 (4) 
d.f. = np 21-24 0031 , (5) 
unit is wired so that the respective card columns of the vari­
ables are entered through words one through nine which the 
machine translates for this program to be locations 0051 to 
0059. 
The processing of the data ensues for each card until 
the program has operated on each successive card and the last 
data card has been processed. 
At this time a control card called "end of file card" is 
fed into the read-punch unit. This card instructs the machine 
to enter a different part of the program called the "punch 
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out" routine. At this time the read-punch unit will produce 
cards of the kind listed under output in Table 29 e Bach an­
swer card contains identifications as to the classification 
(i.e. correction term to idhsv) and what variables the cards 
are concerned with (i.e. XjX-p ^l^a ' *** ^tc.). The identi­
fication code used in these computations is given in Table 
30 (see also Table 5). 
Table 30. Identification code used in 88 and SP program 
Glass, code Variables code 
(1) =10 W E1 M P, Tx P2 T2 E2 
v =09 %6 x7 x8 
K = 08 01 02 03 Ô4 05 55 07 05 
= xZ x2 09 10 11 12 13 14 15 
f " X; Zz 16 17 18 19 20 21 
oL = nf X4 22 23 24 25 26 
SI : s; s " » 11 15 
SA s; £ » 1 
As a check on whether all cards have been entered and 
as additional check on the computations, the subclass num­
bers are summed over all data cards, which should equal H 
Also, the number of data cards are counted and punched on 
the answer card. There are 36 answer cards for each program 
run on a classification corresponding to the squares and 
cross products of the eight variables. The differences in 
the cards from one run are only in the ten digit value of 
10? 
the Sum of Squares or Products and its code (01-36). 
The sums of squares and sums of products program de­
veloped for the computations involved in this study will be 
given to illustrate programming technique. In practice this 
program was not used for the total individual SS and SP 
(idhsv) since no division by subclass numbers (n) was required 
but this is essentially the same program used for (idhsv). 
The difficulties encountered in programming a problem 
are immensely reduced by drawing a flow chart or schematic di­
agram of the necessary steps, processes and artifacts that 
the machine will use during the course of the program. The 
flow chart is given for the SS and SP program in Figure 8. 
The flow chart reads as follows. The machine enters the 
program sequence at location 0200 where the first word of 
the program is stored. At 0200 it enters a sub-routine to 
sum the subclass number, n, from the data card and store this 
sum in a location (0029). Completing this it goes to the sub­
routine starting at 0203 where it multiplies Xj_ by X^». At 
0205 it divides the product by n and goes to 0208 where this 
quotient is added to a previous sum and stored at the same 
location of this previous sum. On the first card this pre­
vious sum is zero. At 0210 the machine tests a previous in­
struction to find out if the second variable in the operation, 
Xjj, was Xg (i.e. does i* = 8?). A "no" answer sends the 
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ENTER 
\l 0200 
sum n ê 
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MULT div  
by n 
0201 
sum x i -  * l  
n 
£ sto k.e 
02 10 021 4 1 0240 02 1 8  
TEST 
i '=S ?  
No 
STEP i '  
1 
STEP ST0R.A4E 
OF f Xi X; '  
n  
RESET / v  
T O  i '  + i  
*022© 0225 / 0228 (6 0231 
TEST i  =  Ô? 
No 
STEP i / RESET i  
TO i  
RESET i  
TO 1  
0234 0246 0250 0252 
END 
RESET STOCKE 
"s. C.EAD 4 
CP 
N L O A D  A N S  STORE ANS. 
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0257 © 0258 3^) V 
< 
0262 0266 
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4NS.  CAK.D 
V 
C A R D  NO. 5t? OF ANS n STORAGE" 
0341 
beset  pch 
data add 
•Y3 
Figure 8. Flow chart of the sums of squares and sums of 
products program 
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machine to 0214 where i* is changed to i + 1, called "step­
ping" and through 0240 where the storage location for (X^,X^. 
+ l)/n is stepped also. From this point it enters the com­
puting part of the "loop" at 0203 to perform the same opera­
tion on X. and X. t + 1 . 
l i 
When i* = 8 (i.e. X]_ . Xg or X£ . Xg etc.) the machine 
is told to go to 0218 from where the program performs addi­
tional logical questions of the same type that are called 
"branching operations". 
The branching, stepping, and computations are performed 
36 times from Xj_.X]_, X^.Xg to Xg.Xg for each card after which 
the machine is told to read another data card àt 0246. Af­
ter all the data cards have been processed, an identification 
card is read and stored at a location (0027) to identify the 
overall classification of the 36 answer cards for this par­
ticular run. 
Next follows an "end-of-file" card which sends the 
machine to 0250 where a punch-out routine controls the punch­
ing of 36 answer cards. When the last card has been punched 
(i.e. from 0336) the IBM 650 will go to 0266 where the loca­
tions used for intermediate and final results are cleared to 
zero. Next the program resets some of the variable instruc­
tions to prepare for the next classification or groups of 
data cards. 
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The IBM 650 Program for SS and SP is listed in Table 
31. The program cards are numbered from 001 to 116. 
Table 31. Sums of squares and products program 
No. Loc. Abbr. Op D add I add Comments 
001 0200 HAL 65 0029 0201 Sum n + store 
002 0201 AL 15 0059 0202 tt 
003 0202 STL 20 0029 0100 "" (see No. 112) 
004 0202 RAu 60 (0051) 0204 Mult. Xi.X, (i) 
005 0204 MULT 19 (0051) 0205 1 1  ( i t )  
006 0205 SLT 35 0001 0206 Divide by n 
007 0206 DIVRu 64 0059 0207 M 
008 0207 3RD 31 0001 0208 ft 
009 0208 AL 15 (0301) 0209 Sum (X*.X! )/n + store 
010 0209 STL 20 (0301) 0210 it i 
Oil 0210 RAu 60 0204 0211 Test i' = 8? 
012 0211 Su 11 0212 0213 M 
013 0212 CONST 19 0058 0205 " (test, const.) 
014 0213 BRNZu 44 0214 0218 it 
015 0214 Au 10 8001 0215 No, step i* 
016 0215 Au 10 0216 0217 11 
017 0216 CONST 00 0001 0000 " (step, const.) 
018 0217 STu 21 0204 0240 tt 
019 0218 Au 10 8001 0219 Yes, Reset i1 to I'+l 
020 0219 Su 11 0220 0199 "(see No. 102) 
021 0220 CONST 00 0006 0000 "(set. const.) 
022 0221 RAu 60 0203 0222 Test i = 8? 
023 0222 Su 11 0223 0224 ti 
024 0223 CONST 60 0058 0204 " (test, cont.) 
025 0224 BRNZu 44 0225 0228 » 
026 0225 Au 10 8001 0226 No, step i 
027 0226 Au 10 0216 0227 11 
028 0227 STu 21 0203 0240 " (see No. 041) 
029 0228 LD 69 0229 0230 Yes, reset i to 1 
030 022? CONST 60 0051 0204 it 
031 0230 STD 24 0203 0231 » 
032 0231 LD 69 0232 0233 Reset iT to 1 
033 0232 CONST 19 0051 0205 it 
034 0233 STD 24 0204 0234 i; 
03-5 0234 LD 69 0235 0236 Reset storage of 
036 0235 CONST 15 0301 0209 (Xj.XiO/n 
037 0236 STD 24 0208 0237 » 1 
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Table 31. (Continued) 
No. Loc. Abbr. Op D add I add Comments 
038 0237 LD 69 0238 0239 Reset storage of 
039 0238 CONST 20 0301 0210 (X, .X, t)/n 
040 0239 STD 24 0209 0153 " (See No. 109) 
041 0240 RAu 60 0208 0241 Step storage of 
042 0241 Au 10 0216 0242 (Xz.XjM/n 
043 0242 AL 15 8001 0243 » 1 
044 0243 STu 21 0208 0244 » 
045 0244 AL 15 0209 0245 » 
046 0245 STL 20 0209 0203 11 
04? 0246 RD 70 0051 0200 Read a card (from No.Ill) 
-
- - — - 0250 End of file card 
048 0250 RAL 65 0251 8002 Load ans. in distrib. 
049 0251 LD 69 (0301) 0252 11 
050 0252 STD 24 0030 0253 Store ans. in pch.pos. 
051 0253 SL 16 0254 0255 11 
052 0254 CONST 69 0300 0252 M 
053 0255 SRT 30 0004 0256 II 
054 0256 STL 20 0028 0257 II 
055 0257 PCH 71 0027 0258 Pch. an ans. card 
056 0258 RAu 60 0251 0259 Test if ans. card no» 36? 
057 0259 Su 11 0260 0261 ÎI 
058 0260 CONST 69 0336 0252 11 (test, const.) 
059 0261 BRNZu 44 0262 0266 «i 
060 0262 Au 10 8001 0263 No, step loc. of ans. 
061 0263 Au 10 0264 0265 11 
062 0264 CONST 00 0001 0000 " (step, const.) 
063 0265 STu 21 0251 0250 tt 
064 0266 LD 69 8003 0267 Yes, clear (X^.XjO/n 
065 0267 STD 24 0301 0268 " storage for a 
066 0268 STD 24 0302 0269 11 new group of data 
067 0269 STD 24 0303 0270 " cards 
068 0270 STD 24 0304 0271 « 
069 0271 STD 24 0305 0272 11 
070 0272 STD 24 0306 0273 11 
071 0273 STD 24 0307 0274 n 
072 0274 STD 24 0308 0275 11 
073 0275 STD 24 0309 0276 11 
074 0276 STD 24 0310 0277 » 
075 0277 STD 24 0311 0278 11 
076 0278 STD 24 0312 0279 11 
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Table 31. (Continued) 
No. Lqc • Abbr. Op D add I add Comments 
077 
078 
0279 STD 24 0212 0280 " (cont'd.) 
0280 STD 24 0214 0281 t t  
079 0281 STD 24 0215 0282 M 
080 0282 STD 24 0216 0282 tt 
081 0282 STD 24 0217 
0218 
0284 11 
082 0284 STD 24 0285 it 
082 0285 STD 24 0319 0286 11 
084 0286 STD 24 0220 0287 it 
085 0287 STD 24 0221 0288 tt 
086 0288 STD 24 0222 0290 tt 
087 0290 STD 24 0222 0291 tt 
088 0291 STD 24 0224 0292 tt 
089 0292 STD 24 0225 0292 it 
090 0292 STD 24 0226 0294 tt 
091 0294 STD 24 0227 0295 it 
092 0295 STD 24 0228 0296 it 
092 0296 STD 24 0229 0297 11 
094 0297 STD 24 0230 0298 it 
092 0298 STD 24 0221 0299 it 
096 0299 STD 24 0222 0200 11 
097 0200 STD 24 0222 0337 it 
098 0227 STD 24 0234 0228 tt 
099 0228 STD • 24 0235 0229 i t  
100 0229 STD 24 0226 0240 it 
loi 0240 STD 24 0029 0104 11 (see No. 116) 
102 0199 STu 21 0204 150 From No. 020 
102 0241 LD $9 0242 0242 Reset pch. data add. 
104 0342 CONST 69 0201 0252 n 
102 0242 STD 24 0251 0246 " (see No. 047) 
10 6 0150 AL 15 0220 0151 From No. 102 
107 0151 SL 16 0216 0152 » 
108 0152 STL 20 0220 0221 " (see No. 022) 
109 0152 LD 69 0154 0155 From No. 040 
110 0154 CONST 00 0006 0000 11 
111 0155 STD 24 0220 0246 " (see No. 047) 
112 0100 HAL 65 0101 0102 From No. 002 
112 0101 CONST 00 0000 0001 it 
114 0102 AL 15 0021 0102 Carry No. data cards 
115 0102 STL 20 0021 0202 " (see No. 004) 
116 0104 STD 24 0021 0241 Clear No. data cards 
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The column headed "Location" refers to the location on the 
magnetic drum containing the particular program instruction 
or word. The reader will notice that some of these locations 
are out of sequence, a fact of no consequence in performing 
the program. Additional program instructions were required 
after testing and hence inserted in vacant storage spaces. 
The next column in Table 31 is the alphabetical abbrevi­
ation for the operation code which is given in the column ad­
jacent. The data address (33 add) "tells" the machine on what 
location to perform this operation, how many places to shift, 
or where to go on a branching operation. The instruction ad­
dress (I add)"tells" the machine where to go for the next in­
struction» 
An example of the computed sums of squares and sums of 
products is given in Table 32. The example is taken from the 
Set 1 data of the pure strains. 
Table 32. Example of sums of squares and sums of products 
from pure strain Set 1 data 
S.S. S.P. 
W.W. = X-,.%1 W.Ei = Xi.%2 
Class Code 01 02 
(1) 10 49437142 523i99.ll 
V 09 49653678 523164.33 
H 08 49448387 523237.15 
vh 07 49674771 523202.72 
sv 
dv 
06 
05 
49745098 
49802546 
523587.36 
523736.53 
sdv 04 .49875284 523945.49 
shv 03 
mtii 523668.27 dhsv 02 524099.53 
idhsv 01 50140770 524494.56 
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Programming the Elements of the E 
Coefficient Matrices 
The operation of partitioning the components of variance 
and covariance requires that the expected values of the sums 
of squares (or products) be obtained assuming EisenhartTs 
(1947) Model II (all effects but/trandom). The expected values 
are best shown as a coefficient table of the uncorrected sums 
of squares. For added convenience toward determining the co­
efficients, the subscripts involved in the summations both of 
the particular classification of sum of squares and the par­
ticular components should be listed. The algebraic expres­
sion for the coefficients are given in Table 33» 
The reader may determine the simple "rule-of-thumb" 
method of obtaining the coefficients. As an example one may 
use the coefficient at the intersection of row sv and column 
H in Table 33, the number of times-the component due to hatch 
appears in the uncorrected sires within lines Sum of Squares 
(or products). The sires' SS is summed over i and k giving 
for the denominator ~— and the hatch component has 
ik Ni.k. 
the additional subscript, j, which is summed in the numerator 
as % giving 22 i^ ijk. as the coefficient, 
j 3 * lk Niiki 
There are 53 algebraic expressions in Table 33 in addi­
tion to the 47 values equal to Since it would be no 
1 
small chore to compute the 53 coefficients for this study, 
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Table 35. Coefficients of the expected values of the un­
corrected sums of squares and products, matrix E 
SS-SP 
class 
Sub­
script 
M L 
i 
H 
j 
IH 
ij 
s 
ik 
(1) — N# • • . £ N2 
i i... 
N.... 
2N2 
j » j •. 
N.... 
1%. 
IT.. •. 
 &Lk. 
N. ... 
V i N.... Nr... 
V.. Ni... 
h j N. .es ^iNij.« 
3  N . j . .  
IT.  . . Z"iNij.. 
à N . 
•  J  •  •  
Z S^ijk, 
3 N -
.  J  .  .  
vh 15 N...» N.... N.... 
13 
sv ik N.... N.... 5&1 h. 
dv ip N.... N.... î l.i. p in j ij*P ^ kFi.kp 
ip Ni..P ^ip"^ 
^5" ?N2 . 
sdv ikp N.... N.... 5 j ijkp N.... 
lkP»i.kp lk? M1-kp 
shv @ j ic * • • • Nw • • • N* • * • N* * * * N. * • • 
dhsv ijkp N» • • • $!•••• N. *. « N...» N« • • • 
idhsv ijkpq N.... N... • N.... N.... N.... 
lié 
Table 33» (Continued) 
Components 
SS-SP Sub- P SD SE DE B 
class script jfcp ijk ijkp ijkpg 
(D - i^"P 1 
Î T  •  e  •  •  U  •  •  s  •  U  •  •  •  •  N # » # #  
r iZ^Ni..P ^"l.kp n 
Ni
- 't: 1ïïi... 
h j X^lj.p ZW^jkp Z^ijkp njl 
vh ij ^pNij.p S§Kijkp sÇHijk. f;1icpI'ijkp n 
3 "D.. •••1J "ij.. 13^ Th t e • 
ST ikiSîh5 f^p^i.kp' ^^jjk. ^ Ip^ijkp 
Ni-^ Wi.k. Ni-k. Ni.k. 
-S- ^Îj2 
sdv ikp N.... N... ikp 1_HË£ fpD3 ijkp n d 
Ni.kP lk£XtH 
star ijk ^-JMijkp ^SNijkp M.... Zp^îjkp n£lh 
3Suk. lj%U lj^ T 
dhsv ijkp IT. • ». N» • • • Iî« • • • !?.««• 
idhsv ijkpq N.... N..,. N«... N.... N... • 
hs 
dv ip N.... &Ni.kp f^^ijkp % jkFijkp h* 
wuT7 . irwî77T 
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four such sets being required, it was decided to utilize 
machine facilities for deriving the numerical values involved 
which would lead to a general IBM 650 program for deriving such 
coefficients. 
A general program is given here for deriving coefficients 
of expected sums of squares in four-way classifications. The 
Input-output and temporary storage locations are presented in 
Table 34. The general model for this program is heirarchial 
in nature but with additional sorting of the data (input) cards 
and modification of subscripts, values for all combinations of 
subscripts may be obtained by successive runs of the data cards. 
The answer cards are identified by the location from where 
they were developed, at the end of the computations the punch-
out sub routine produced 23 out-put cards. 
The flow chart is given in Figure 9. The location on and 
in the boxes refers to the program listed in Table 35. The 
IBM 650 console unit is set at 70 0051 0201. For the first 
run of data cards, the 2000 storage locations are all cleared 
to zero but for each successive runs the program is self-
clearing. The calculations involved in this study required 
seven runs to obtain the several types of coefficients. Since 
these seven runs were required to each of the four sets of 
data, while the first sort of the four groups were being pro­
cessed, the groups already run through could be re-sorted. The 
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Table 34. Coefficient program, input, output and temporary 
storage 
Location Information Location Information 
Read in 
0051 (word 1) 
0052 (word 2) 
0053 (word 3) 
0054 (word 4) 
Pch. out 
0027 (word 1) 
0028 (word 2) 
Storage 
0101 
0102 
0103 
a 
ab 
abc 
nabcd 
Storage loc. 
of ans. 
answer 
0104 
0105 
0106 
0107 
0108 
0109 
0110 
0111 
0112 
0113 
0114 
0115 
&abc. 
nab..  
n, a. 
Z _2 
d abed 
X n2 
cd ahed 
n' bed abed 
e abc. 
^ n2 be abc. 
a 
ab 
abc 
% 2 
6nabcd 
AB<R^R 
•^.cx^abcd 
0123 
0124 
0125 
0126 
0127 
0128 
0129 
0130 
0131 
0132 
Storage 
5= 
ab 
Z n2 0 abc. 
nab.. 
^ ¥* n2 a bed abcd 
na... 
? bcnabc. 
n£ 
0116 
0117 
0118 
0119 
0120 
n<-
0121 abc abc. 
1a.. .  
Ç bnab.. 
n Q. • • • 
nr 
abed abed 
N 
N 
0122 ab n ab,. 
N 
,2 a... 
n. 
N 
N 
no. abed classes 
no. ab classes 
no. ab classes 
no. a classes 
—— 2 
.nabcd 
abed 
abc Babe. 
B nlb.. 
nZ a â • • • 
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OlOl TO 
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1 £L-k> * • 
iw o//5" 
CLE4 R ? VIOD 
h "ïbt-aTo^lbod 
OIOS TO OlOtc-
ab ? 
Yes 
026 1 0268 0271 ' 0273 
S Q U 4 R.E 
f  S U M  
i n  oioe, oizz 
D,v 4 
N 
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0276 0280 CD 1^0 0284 0287 
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Figure 9« Flow chart of the coefficient program 
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0301 0304  03  0  6  0310  
DIV Z Ha-h,1 
no.... 
OIOQ 
SUM ' STORE 
bnq-b" 
OI Ol IN OII9 
0314 0321  
C L E  A  K  ?  A D D  
^"ûbc.TO^bc 
OIOS TO 0130 
03 2  4  
CLEAR Ç 400 
^ nab.."To ^ n»b-• 
OlC,4 TO C.I3I  
0328 
Square n^... ADO 1 CLEARC ADD 
? SUM IN NO" 0" CLASSES s Ma... TO N 
OIZ.3, OI3Z To oq 23 0103 TO 
0337 
N QI2.&. 
OI-2.4-
0340 0341  
ALTER I -ADD 
0344 
sr°8EJ=d"»«' STOf?Ea^"-bC; 
N 
IN 0120 
N 
OIZI 
OI Z4 
—5> N 
IN OIZ / 
0345 
-4H 
0348 0349  0352  
° '
v 5 n l > -
s N 
civ fn0*. 
> 
STORE 
N N N N >* 012.2. IN 0/2.2. OIZ3 IN  O IZ3  O/Z-#- 012^* 
0353 0364  0367  037  8  
PCH "s. RESET •x 
CLEAR STORAGE 
O/OO TO OJ33 
RESET CLEAR RT. OI 1 4-- OI3Z PCH. ROUTINE 
0386 
Figure 9. (Continued) 
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Table 35. Coefficient program 
No. LOCe Abbr. Op D add I add 
001 0201 ID 69 0051 0202 
002 0202 STD 24 0110 0203 
003 0203 LD 69 0052 0204 
004 0204 STD 24 0111 0205 
005 0205 LD 69 0053 0206 
006 0206 STD 24 0112 0207 
007 0207 RAL 65 0208 0209 
008 0208 CONST. 00 0000 0001 
00? 0209 AL 15 0125 0210 
010 0210 STL 20 0125 0211 
Oil 0211 RAL 65 0054 0212 
012 0212 AU 10 8001 0213 
013 0213 AL 15 0101 0214 
014 0214 STL 20 0101 0215 
015 0215 RAU 60 8003 0216 
016 0216 MULT 19 8001 0217 
017 0217 AU 10 8002 0218 
018 0218 AU 10 0104 0219 
019 0219 STU 21 0104 0220 
020 0220 AL 15 0120 0222 
021 0221 STL 20 0120 0222 
022 0222 RD 70 0051 0223 
023 0223 RAU 60 0112 0224 
024 0224 SU 11 0053 0225 
025 0225 BRNZU 44 0226 0207 
026 0226 RAL 65 0104 0227 
027 0227 SLT 35 0007 022Ô 
028 0228 DIVRU 64 0101 0387 
029 0229 AL 15 0114 0230 
030 0230 STL 20 0114 0231 
031 0231 RAU 60 0104 0232 
032 0232 , STL 20 0104 0333 
033 0233 AU 10 0105 0234 
034 0234 STU 21 0105 0235 
035 0235 RAU 60 0101 0236 
036 0236 MULT 19 8001 0237 
037 0237 AU 10 8002 0238 
038 0238 AU 10 0107 0239 
039 0239 STU 21 0107 0240 
040 0240 AL 15 0121 0241 
041 0241 STL 20 0121 0242 
042 0242 RAU 60 0101 0243 
043 0243 STL 20 0101 0244 
Comments 
Store a 
» 
Store ab 
n 
Store abc 
n 
Carry no. abed classes 
n 
ii 
m 
Add nabcd to aabc. 
Sq. nabod 
nabcd t0 anabcd 
Add n?, , to n?, 
abed gbed abed 
» 
Read a new card 
Test if new abed? 
« 
n 
Yes, d nabcd 
Carry abc n^ 
Store sum 
n 
Clear & carry 
En2 to K n! 
abed od abed 
Si? %bc. 
Carryf nabo, > 
> g 
abc ^bc. 
n 
tt 
tt 
n 
Clear and add 
" nabc. t0 nab.. 
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Table 35» (Continued) 
No. Loc. Abbr. Op D add 
044 0244 AU 10 0102 
045 0245 STU 21 0102 
046 0246 RAL 65 0208 
047 0247 AL 15 0126 
048 0248 STL 20 0126 
049 0249 RAU 60 0111 
050 0250 SU 11 0052 
051 0251 BRNZU 44 0252 
052 0252 RAL 65 0105 
053 0253 SLT 35 0007 
054 0254 DI7HU 64 0102 
055 0255 AL 15 0115 
056 0256 STL 20 0115 
057 0257 RAU 60 0105 
058 0258 STL 20 0105 
059 0259 AU 10 0106 
060 0260 STU 21 0106 
06l 0261 RAU 60 0102 
062 0262 MULT 19 8001 
063 0263 AU 10 8002 
064 0264 AL 15 0109 
065 0265 STL 20 0109 
066 0266 AU 10 0122 
067 0267 STU 21 0122 
068 0268 RAL 65 0107 
069 0269 SLT 35 0007 
070 0270 DE7RU 64 0102 
071 0271 AL 15 0116 
072 0272 STL 20 0116 
073 0273 RAL 65 0208 
074 0274 AL 15' 0127 
075 0275 STL 20 0127 
076 0276 RAU 60 0107 
077 0277 STL 20 0107 
078 0278 AU 10 0108 
079 0279 STU 21 0108 
080 0280 RAU 60 0102 
081 0281 STL 20 0102 
082 0282 AU 10 0103 
083 0283 STU 21 0103 
084 0284 RAU 60 0110 
Comments 
0245 
0246 
024? 
0250 
0251 
0201 
0253 
0254 
0388 
0256 
0257 
0258 
0259 
0260 
0261 
0262 
0263 
0264 
0265 
0266 
0267 
0268 
0269 
0270 
0389 
0272 
0273 
0274 
0275 
0276 
0277 
0278 
0279 
0280 
0281 
0282 
°283„ 
f0284j 
0285 
11 (from preceding 
" page) 
Carry no abc classes 
u 
Q 
Test if new ab? 
h 
Yes, y 
Di? cd_ n abed. 
nab.. 
°«rr7 S k_B|b=a_ 
nab.. 
Clear & carr^_ 
^ nabcd t0 bed nabcd 
ti 
Sqr. 
M 
Carry 
11 
" ?! 2 
fb nab. 
Ç nabc^ 
nab, 
nabc. 
^n2 b ab... 
» 
» 
^r,2 
Carry Z cnabc. 
" ab nab.. 
Carry no. ab classes 
« 
Clear and add 
to 
c„ abc. be 
Zng 
hi 
11 
Clear and add 
o%b.. to na## 
% 
est if new a? 
n 
abc 
123 
Table 35• (Continued) 
No. Loc. Abbr. Op D Add I Add 
085 0285 SU 11 0051 0286 
086 0286 BRNZU 44 0287 0201 
087 0287 RAE1 65 0106 0288 
088 0288 SLT 35 0007 0289 
089 0289 DI7RU 64 0103 0390 
090 0290 AL 15 0117 0291 
091 0291 STL 20 0117 0291 
092 0292 RAU 60 0106 0293 
093 0293 STL 20 0106 0294 
094 0294 AU . 10 0129 0295 
095 0295 STU 21 0129 0296 
096 0296 RAL 65 0108 0297 
097 0297 SLT 35 0007 0298 
098 0298 DI7RU 64 0103 0391 
099 0299 AL 15 0118 0300 
100 0300 STL 20 0118 0301 
101 0301 RAL 65 0109' 0302 
102 0302 SLT 35 0007 0303 
103 0303 DI7RU 64 0103 0392 
104 0304 AL 15 0119 0305 
105 0305 STL 20 0119 0306 
106 0306 RAU 60 0108 0307 
107 0307 STL 20 0108 0308 
108 0308 AU 10 0130 0309 
109 0309 STU 21 0130 0310 
110 0310 RAU . 60 0109 0311 
111 0311 STL 20 0109 0312 
112 0312 AU 10 0131 0313 
113 0313 STU 21 0131 0314 
114 0314 Rau 60 0103 0315 
115 0315 MULT 19 8001 0316 
116 0316 AU 10 8002 0317 
117 0317 AU 10 0123 0318 
118 0318 STU 21 0123 0319 
119 0319 AL 15 0132 0320 
120 0320 STL 20 0132 0321 
121 0321 RAL 65 0208 0322 
122 0322 AL . 15 0128 0323 
123 0323 STL 20 0128 0324 
124 0324 RAU 60 0103 0325 
125 0325 STL 20 0103 0326 
Comments 
Test if new a? 
» 
Yes IE g 
" Div bed nabcd 
Carry % 2 
„ ? bca °abea 
na,,, 
CJear and add ^  2 
^d nabcd to ûabcd 
" -STn2 
Div be abe. 
ti n 
ti a. 
Carry ^  be nabe. 
n 
Div F n2-
a • • • 
b "ab.. 
il , 
ii na. •. 
c?rryf? 4,.. 
n; •a.. 
Clear & aad 
" n2 2 
: b° abc. t0 ^ onabc. 
Clear and add 
f nIb.. t0 ^  nab. . 
II 
" ' , 
sSr nQ..., CarryZn-^^ 
II 
II 
II 
II 
II 
Carry no. a classes 
h 
Clear and add 
" na to N = n. a 0 • 0 • 
Table 35» (Continued) 
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No. Loc. Abbr. Op D add I add Comments 
126 0326 AU 
127 0327 STU 
128 0328 
129 0329 
130 0330 
141 0331 
132 0332 
133 0333 
134 0334 
135 0335 
136 0336 
137 0337 
138 0338 
139 0339 
140 0340 
141 0341 
142 0342 
143 0343 
144 0344 
145 0345 
146 0346 
147 0347 
148 0348 
149 0349 
150 0350 
151 0351 
152 0352 
153 0353 
154 0354 
155 0355 
156 0356 
157 0357 
158 0358 
159 0359 
160 0360 
161 0361 
162 0362 
163 0363 
LD 
CONST 
STD 
LD 
CONST 
STD 
LD 
CONST 
STD 
RAL 
SLT 
DF7RU 
STL 
RAL 
SLT 
DIVRY 
STL 
RAL 
SLT 
DIVRU 
STL 
RAL 
SLT 
DIVRU 
STL 
RAU 
CONST 
STD 
STU 
Pc h 
SU 
CONST 
BRNZU 
AU 
AU 
C.ont 
10 
21 
69 
20 
24 
69 
21 
24 
69 
21 
24 
65 
il 
20 
65 
n 
20 
65 
iï 
20 
65 
iï 
20 
24 
21 
71 
11 
69 
44 
0124 
0124 
0329 
0126 
0248 
0332 
0103 
0283 
0335 
0124 
0327 
0120 
0007 
0124 
0120 
0121 
0007 
0124 
0121 
0122 
0007 
0124 
0122 
0123 
0007 
0124 
0123 
60 0354 
69' (0114) 
0028 
0027 
0027 
0359 
0132 
0361 
10 8001 
10 0363 
00 0001 
0327 Clear & add na.,, to N=n. 
fo2og© " 
"032fcT End of file (Program) 
card ^ ^ 
0330 Alter g), g), @ 
0252 " w 
0331 " 
0333 
0287 
0334 
0336 
0337 
0226 
0338 Div 
tt 
n 
11 
11 
11 
ti 
n 
" abcd 
»i 
abcd 
N 0339 0393 
0341 Store ditto 
0342 Div Ç n|bC( 
0343 " abc 
0394 " 
0345 Store ditto 
N 
" ab 
» 
ab.. 
N 
0346 Div 21 n 
0347 
0395 
0349 Store ditto 
0350 Div S: n2 
0351 " a 
0396 " M 
0353 Store ditto 
8001 
0355 
0356 
0357 
0358 
0360 
0355 
0364 
0362 
8003 
0000 
Pch 0114-0132 
M 
II 
II 
ri 
11 
11 
ti 
11 
11 
11 
125 
Table 35. (Continued) 
No., LOCe Abbr. Op D add I add Comments 
164 0364 LD 69 0365 0366 Reset pch. routine 
165 0365 CONST 69 0114 0355 n 
166 0366 STD 24 0354 0367 if 
m 0367 RAU 60 0368 0369 
II 
168 0368 CONST 24 0101 0370 II 
169 0369 LD 69 0113 8003 Clear storage from 
170 0370 SU 11 0371 0372 " 0101 to 0132 
171 0371 CONST 24 0132 0370 11 
172 0372 BRNZU 44 0373 0375 if 
173 0373 AU 10 8001 0374 11 
174 0374 AU 10 0363 0369 if 
175 0375 ID 69 0376 0377 11 
176 0376 CONSt 24 0101 0370 n 
177 0377 STD 24 0368 0378 11 
178 0378 LD 69 0379 0380 Reset (a) , (là), (0) 
179 0379 CONST 20 0126 0249 » 
w 
180 0380 STD 24 0248 0381 M 
181 0381 LD 69 0382 0383 
182 0382 CONST 21 0103 0284 0284 
183 0383 STD 24 0283 0384 
184 0384 LD 69 0385 0386 
185 0385 CONST 21 0124 0201 
186 0386 STD 24 0327 8000 
187 0387 3RD 31 0001 0229 Corrections and addition 
188 0388 11 « it 0255 " to program 
189 0389 11 n » 0271 » 
190 0390 11 11 11 0290 » 
191 0391 11 « 11 0299 n 
192 0392 11 11 n 0304 « 
193 0393 n n ti 0340 n 
1>4 0394 11 « 11 0344 M 
195 0395 11 « 11 0348 If 
196 0396 M w n 0352 II 
only break in machine operation would be the re-wiring of the 
read-punch unit to correspond to the re-arrangement of subscript. 
An example is given in Table 36 of the coefficients of the 
uncorrected sums of squares. This coefficient matrix E was ob-
126 
tained for the pure strain Set 1 data. Matrix E as given in 
Table )6 is valid for Model A. By deleting the rows and col­
umns coded 07, 03, and 02, Matrix E is valid for Model B. 
The coefficients for Model C are obtained with the additional 
deletion of row and column coded 04. 
Computing the Components 
The estimates of components of variance and covariance 
were obtained, as outlined in Materials and Methods, by in­
verting the coefficient matrix and multiplying the inverted 
matrix times the right hand sides (SS or SP). This is ac­
complished simultaneously by the use of Sweeney's (1935) Matrix 
inversion program. The 10 x 10 matrix with 36 right hand sides 
is inverted and the 36 sets of components estimates calculated 
in approximately seven minutes time on the IBM 650. The author 
had occasion to check the accuracy of the program by reinverting 
a matrix. The greatest difference between that and among any 
of the original elements of the matrix was one at the seventh 
digit to the right. 
Examples are given of the inverted coefficient matrices 
(E~^) for Models A (10 x 10), B (7 x 7) and C (6 x 6) in Tables 
371 38 and 39 respectively. These examples were taken from 
the pure strain Set 1 data. 
Table 36. Coefficient matrix E from pure strain Set 1 data (N = 1409) 
Uncorrec­ M L H LH S 
ted 8.8. Code 10 09 08 07 06 
(1) 10 N 357.306600 242.375444 62.344216 34.022001 
V 09 N N 246.594833 246.594833 133.526270 
h 08 N 363.269902 N 363.269902 72.149030 
Ih 07 N N N N 278.427220 
sv 06 N N 518.048370 518.048370 N 
dv 05 N N 418.932207 418.932207 834.637031 
sdv 04 N N 722.063931 722.063931 N 
shv 03 N N N N N 
dhsv 02 N N N N N 
idhsv 01 N N N N N 
D SD SH EH E 
05 04 03 02 01 
(1) 10 8.831086 4.987225 12.317246 2.318666 1.0 
V 09 34.974373 19.800888 48.488829 9.242288 4.0 
h 08 13.690347 13.690347 72.149030 13.690347 6.0 
Ih 07 54.129798 54.129798 278.427220 54.129798 24.0 
sv 06 214.748408 214.748408 518.048370 102.132812 46.0 
dv 05 N 834.637031 418.932207 418.932207 208.0 
sdv 04 N N 722.063931 722.063931 373.0 
shv 03 291.106751 291.106751 N 291.106751 137.0 
dhsv 02 N N N N 755.0 
idhsv 01 N N N N N 
Table 37. Example of inverted matrix (E ) from Model A pure strain Set 1 data 
Code 10 09 08 07 06 
10 1147.23340 -290.98300 -197.50585 51.08114 .21440 
09 -1147.23340 1232.43040 197.50580 -216.04742 -89.87252 
08 -1147.23340 290.98298 1153.77550 -297.31916 .21441 
07 1147.23330 -1232.43030 -1153.77550 1346.79300 89.87248 
06 .00000 -941*44741 .00003 164.96631 1374.87900 
05 .00000 -941.44737 .00000 164.96634 9O.O87.I5 
04 .00000 941.44733 .00003 -164.96659 -I374.8795O 
03 .00000 941.44731 - .00012 -1049.47360 -1374.87890 
02 .00000 .00014 - .00003 .00017 1284.79230 
01 .00000 .00000 .00000 .00000 .00000 
05 04 03 02 01 
10 .00943 .04532 .11370 - .04870 - .00784 
09 -24.88053 15.30379 33.45078 - .25465 - .40227 
08 -.00943 -.04532 -.71457 .29736 .05163 
07 24.88048 -15.30374 -210.32009 .00000 .00000 
06 24.87105 -225.97662 -511.57521 118.70742 - .00000 
05 1765.93030 -IO68.965IO -33.56454 .00000 21.84789 
04 -1765.93030 2735.33240 511.57540 -921.04213 38.46293 
03 -24.87090 225.97650 1583.58520 -337.24684 35.46134 
02 -.00019 -1666.36720 -1372.55070 2714.62020 -960.49450 
01 .00000 .00000 .00000 -I577.287IO 1577.28710 
Table 38. Example of inverted matrix (E~^) from Model B pure strain Set 2 data 
Code 10 09 08 06 05 04 01 
io 1097.96600 -244.11767 -147.95742 
09 -962.9648I 1034.72360 12.18644 
08 -860.43788 18.20126 865.34457 
06 164.13705 -796.93380 -165.07304 
05 -135.30563 -79O.5996I 136.7728 
04 126.07850 790.79483 -126.79757 
01 570.00570 -12.06862 -573.78030 
.00000 -.89893 
-75.71878 -20.89073 
-23.17286 .00000 
917.32422 19.95491 
71.91527 1762.85090 
-909.50832-1762.79450 
15.36519 -.00000 
.52136 
12.80368 
-.00000 
-148.73959 
-1066.42680 
2168.03830 
-965.38980 
.41460 
-.13945 
-.00000 
-.00000 
21.48852 
-285.8II3O 
966.84589 
Table 39. Example of inverted matrix (E~l) from Model 0 pure strain Set 1 data 
Code 10 09 08 06 05 01 
10 1097.93570 -244.30784 -147.92693 .00000 -.47502 .48333 
09 -963.70938 1030.05340 12.93527 -70.34754 -10.48027 .00000 
08 -860.27462 19.22522 865.18038 -24.35054 .00000 -.00000 
06 172.78674 -742.68083 -173.77206 854.92684 -IOO.98268 -10.27797 
05 -73.28944 -401.61903 73.70739 -375.45875 895.75775 --119.09793 
01 626,55107 339.32897 -630.12408 -388.78403 -786.81473 839.84274 
